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INTRODUCTION: USGS RED-BOOK CONFERENCE ON
THE MECHANICAL INVOLVEMENT OF
FLUIDS IN FAULTING

Stephen Hickmanl, Richard Sibson2, and Ronald Bruhn3

1U.S. Geological Survey, 345 Middlefield Rd., MS 977, Menlo Park, CA 94025
2Department of Geology, University of Otago, P.O. Box 56, Dunedin, New Zealand
3University of Utah, Department of Geology and Geophysics, Salt Lake City, UT 84112

A tantalizing body of evidence suggests that fluids are intimately linked to a variety of faulting
processes, including the nucleation, propagation, arrest and recurrence of earthquake ruptures;
fault creep; and the long-term structural and compositional evolution of fault zones. Beyond the
widely recognized physical role of fluid pressures in controlling the strength of crustal fault zones,
it is also apparent that fluids can exert mechanical influence through a variety of chemical effects.

A "Red-Book" Conference on the Mechanical Effects of Fluids in Faulting was sponsored by
the United States Geological Survey under the auspices of the National Earthquake Hazards
Reduction Program (NEHRP) at Fish Camp, California, from June 610, 1993. The purpose of
the conference was to: 1) draw together and evaluate the disparate evidence for the involvement of
fluids in faulting; 2) establish communication on the importance of fluids in the mechanics of
faulting between the different disciplines concerned with fault-zone processes; and 3) help define
future critical investigations, experiments and observational procedures for evaluating the role of
fluids in faulting. Some of the questions addressed at this workshop included:

1) What are fluid pressures at different levels within seismically active fault zones? Do they remain
hydrostatic throughout the full depth extent of the seismogenic regime, or are they generally
superhydrostatic at depths only in excess of a few kilometers?

2) Are fluid pressures at depth within fault zones constant, or are they time-dependent? What is the
expected spatial variability in fluid pressures?

3) What is the role of crustal fluids in the overall process of stress accumulation, release and
transfer during the earthquake cycle? Through what mechanisms might fluid pressure act to
control the processes of rupture nucleation, propagation and arrest?

4) What is the chemical role of fluids in facilitating fault creep, including their role in aiding solid-
state creep and brittle fracture processes and in facilitating solution-transport deformation
mechanisms?

5) What are the chemical effects of aqueous fluids on constitutive response, frictional stability and
long-term fault strength?

6) What are the compositions and physical properties of fault fluids at different crustal levels?

7) What are the mechanisms by which porosity and permeability are either created or destroyed in
the mid to lower crust? What factors control the rates of these processes? How should these
effects be incorporated into models of time-dependent fluid transport in fault zones?

8) What roles do faults play in distributing fluids in the crust and in altering pressure domains? In
other words, when and by what mechanisms do faults aid in or inhibit fluid migration? What are
the typical fluid/rock ratios, flow rates and discharges for fault zones acting as fluid conduits?

9) Are fluids present in the subseismogenic crust, and by what transformation and/or transport
processes are they incorporated into the shallower seismogenic portions of faults?
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A diverse group of 45 scientists attended this conference, including researchers on electrical
and magnetic methods, geochemistry, hydrology, ore deposits, rock mechanics, seismology and
structural geology. To provoke as much interdisciplinary exchange as possible, the conference
was divided into four plenary sessions, each session consisting of about 10—-13 poster
presentations followed by a moderated group discussion. These sessions were: 1) Evidence for
Fluid Involvement in Faulting and Deep Crustal Fluid Reservoirs, 2) Fault-Zone Transport
Properties and Composition of Fault-Zone Fluids, 3) Coupled Mechanical and Hydrological
Processes in Faulting and 4) Chemical Effects of Fluids on Fault-Zone Rheology. At the
beginning of each session, we asked each person presenting a poster in that session to give a brief
(2-3 minute) synopsis of their poster presentation. At the conclusion of each session, the group
reconvened for about one hour to discuss issues raised during that session. Very lively
discussions centered on field evidence for or against super-hydrostatic fluid pressures along active
faults, the origin and nature of fluid pressure compartments and their role in triggering
carthquakes, and the nature of hydrologic perturbations induced by earthquakes. On the second
day of the conference, Rick Sibson led a one-day field trip through the mesothermal gold-bearing
quartz-vein systems of the Sierran foothills (the Mother Lode country), where participants saw and
discussed evidence for episodic fluid flow driven by high fluid pressures in the exhumed reverse-
slip Melones fault zone. The conference concluded with small-group discussions in which
participants talked about the major paradigms and unresolved questions pertaining to fluids in
faulting and identified future research needed to help answer these questions. Summaries of these
small-group discussions were presented to the conference participants in a final "wrap-up" session.

Workshop participants identified a number of key areas for future research pertaining to the
mechanical involvement of fluids in faulting, each of which requires integration of knowledge from
several fields and communication between specialists with different backgrounds. The primary
goal of these studies is to identify those processes and parameters which are most important in
controlling fault-zone rheology and which will, therefore, dominate the mechanics of faulting at
different levels in the crust. These research topics fall into three broad categories: 1) geological
observations of exhumed fault zones, 2) laboratory experiments on natural and synthetic fault-zone
materials and 3) fault-zone drilling combined with surface-based geophysical and geological
investigations.

Studies of exhumed fault zones must be carefully designed to provide information on
deformation mechanisms that operate at different crustal levels, together with fluid-inclusion and
mineral-equilibria analyses that constrain the compositions, pressures and temperatures of fluids
both within and adjacent to fault zones. As noted by several conference participants, stress
heterogeneities induced by fault slip and deformation can lead to considerable uncertainties in
inferring past fluid pressures simply from observations of vein geometry in outcrop. Thus,
structural and fluid-inclusion/mineralogical techniques should be combined to constrain fluid
pressures during vein formation at different stages in the faulting cycle. Particular attention should
also be paid to evidence for fluid communication, or lack thereof, between fault zones and country
rock and evidence for or against cyclic dilatancy and gouge compaction within fault zones. Careful
mapping is needed to document the spatial scales over which structural, mineralogical, fluid-
chemical and hydraulic heterogeneity exists. More data on the existence, origin, dimensions and
temporal characteristics of abnormally pressured fluid compartments within and adjacent to fault
zones are of paramount importance in this regard. In all of these investigations, careful
microstructural studies and determinations of past temperature and pressure conditions are required
to assess the degree of annealing and other secondary alteration on samples collected from
exhumed fault zones, where a complex history of uplift and denudation may have severely altered,
or even destroyed, evidence for deformation mechanisms operative during fault slip.

Although it is generally accepted that mylonites with well-ordered fabrics are predominantly the
result of aseismic plastic shearing, with the exception of localized melts generated by rapid seismic



slip (i.e., the pseudotachylytes occasionally found in exhumed fault zones) there is currently no
reliable way to distinguish the cataclastic products of seismic versus aseismic slip in fault zones.
New laboratory friction experiments are needed at high rupture-propagation and sliding velocities
to constrain the mechanisms of dynamic rupture and, perhaps, identify microstructures diagnostic
of slip speed and stability. More laboratory experimentation is also required to document the
importance of solution-transport reactions and other fluid-rock interactions in controlling long-term
fault strength, the stability of sliding, the evolution of fluid pressures along faults, and the time
scales for interseismic strength recovery in the mid to lower crust. Carefully controlled
experiments to determine the rates at which various deformation and sealing/strengthening
processes operate—and how these rates depend upon mineralogy, fluid chemistry, grain size and
pore geometry—is considered to be one of the most crucial goals for experimentalists. Finally, the
importance of electrokinesis as a potential earthquake precursor was noted, together with the need
for experiments that investigate electromagnetic properties of rocks during fluid flow at elevated
temperature and pressure.

Large-scale field experiments using geophysical imaging techniques combined with borehole
observations are urgently needed to confirm interpretations and hypotheses related to the
mechanical role of fluids in faulting arising from observations on exhumed faults and laboratory
experiments. Drilling provides the only direct means of measuring in-situ stress, fluid pressure
and permeability; collecting fluid and rock samples from active faults and wall rocks; and
monitoring time-dependent changes in fluid pressure and chemistry, deformation and stress during
the earthquake cycle. Drilling and downhole measurements in and adjacent to active fault zones
must be accompanied by detailed surface geophysical and geological observations to allow
extrapolation of fluid pressure regimes and fault-zone physical properties over a much larger
volume than sampled by the borehole. For example, seismic tomography coupled with borehole
monitoring may provide one of the best methods for real-time monitoring of temporal changes in
fluid pressure and rock physical properties within and adjacent to fault zones during earthquakes
and episodic fault slip.

Virtually all of the workshop participants are represented by papers in this Red Book volume,
based, in large part, on their individual poster presentations. These papers are organized into four
separate chapters, corresponding to the four workshop sessions identified above. It should be
noted, however, that in cases where papers dealt with topics relevant to two or more sessions these
chapter assignments were somewhat arbitrary. About 20 of these papers will be appearing in a
special issue of the Journal of Geophysical Research to be published early in 1995.
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DEFORMATION PROCESSES AND CONTROLS ON FAULT MECHANICS
DURING FAULT-VALVE BEHAVIOR IN THE WATTLE GULLY FAULT
ZONE, CENTRAL VICTORIA, AUSTRALIA

Stephen F. Cox

Research School of Earth Sciences, The Australian National University, Canberra,
ACT 0200, Australia

ABSTRACT

The Wattle Gully Fault is a high-angle reverse fault zone that developed at
depths around 10km late during mid-Devonian regional crustal shortening in
central Victoria. The fault has a length around 800m and a maximum
displacement of 40m. The widespread development of steeply-dipping fault-fill
quartz veins and associated sub-horizontal extension veins within the fault zone
indicate that faulting occurred at low stress differences in a transiently
supralithostatic fluid pressure regime. The structure was the site of focussed fluid
migration during vein formation.

The internal structures of veins indicate vein development was intimately
associated with faulting and involved thousands of increments of hydraulic
fracturing, fault slip and vein sealing. Fault slip and vein opening is interpreted
to have been strongly influenced by repeated fluid pressure fluctuations
associated with fault-valve behavior.

The geometries and internal structures of veins in the Wattle Gully Fault Zone
are interpreted in terms of cyclic changes in shear stresses, fluid pressures, and
near-field principal stress orientations during fault-valve behavior. Substantial
fluctuations in fluid pressure have played a key role in controlling fault strength,
as well as nucleation and recurrence of slip events. There is evidence that
faulting in supralithostatic fluid pressure regimes can result in near-total stress
relief and local dynamic overshoot.

Fault-valve behavior is shown to have important implications for coupling
between fault dynamics and the dynamics of fluid circulation around active faults
that are sites of focussed fluid migration. In particular, fault-valve action is
expected to lead to distinctly different fluid migration patterns adjacent to the fault
zone before, and immediately after fault rupture.

INTRODUCTION

Earthquakes nucleate primarily at depths between 5 and 20 km, and at temperatures
between 100°C and 350°C in the Earth's continental crust (Sibson, 1983; Scholz, 1990).
There is increasing evidence that within this seismogenic regime, active faults can play a
crucial role in localising crustal fluid migration (Sibson et al, 1988; Cox et al, 1991a), and
that fluids migrating through faults probably have a substantial influence on fault mechanics
(Sibson, 1989, 1992; Evans, 1990; Chester et al, 1993). Studies of the internal structure of
ancient fault zones that have been sites of intense fluid activity during seismogenesis have
considerable potential to yield insights about earthquake mechanics.

This paper examines the geometry and internal structure of a relatively small, high-
angle reverse fault zone that was active late during a period of major crustal shortening and
regional metamorphism. The presence of laterally extensive vein systems, hydrothermal
alteration, together with associated stable isotope signatures and fluid inclusion evidence, all
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indicate that faulting was associated with substantial fluid-rock interaction (Cox et al, 1991a,
in press). It is demonstrated that deformation in the Wattle Gully Fault Zone has involved
fault-valve behavior in a transiently supralithostatic fluid pressure regime. The internal
structures of the fault zone are used to provide insights into deformation processes, fluid
pressure histories, and controls on fluid migration patterns that have operated during fault-
valve behavior at seismogenic depths. The study also highlights the importance of coupling
between fluctuations in fluid pressure and shear stress in controlling fault slip and slip
recurrence in situations where faults are sites of focussed fluid flow.

GENERAL GEOLOGY

The Wattle Gully Fault Zone (WGFZ) forms part of a network of reverse faults that
developed late during regional mid-Devonian folding of an Ordovician sandstone-slate
sequence in the Lachlan Fold Belt of central Victoria, Australia (Cox et al., 1991b). The fault
zone hosts extensive quartz veining and associated gold mineralisation, and is inferred to
have been a site of focussed fluid migration (Cox et al., 1991a, in press). The high fluid flux
is interpreted to have been associated with lower crustal metamorphism and devolatilisation
lagtg c{)uring crustal thickening that was associated with regional deformation (Cox et al.,
1991b).

Hydrothermal alteration styles and vein mineralogy, together with stable isotope and
fluid inclusion data, indicate that faulting occurred at temperatures around 300°C.
Reasonable geothermal gradients during regional metamorphism require that faulting is
unlikely to have occurred at depths much shallower than around 6 to 10 km.

FAULT GEOMETRY

The WGFZ has a maximum reverse displacement of 40 meters; it extends along strike
for approximately 800 meters and down dip for at least 600 meters. Fault geometry has been
influenced substantially by the pre-existing fold geometry (Fig. 1). At depth, the fault is
bedding-concordant on the steeply west-dipping limb of an upright anticline. Displacement
and associated deformation in this region has been restricted to a zone which is usually less
than 50 cm wide. At higher structural levels, the fault intersects the anticlinal hinge zone and
becomes a less steeply-dipping, bedding-discordant structure that traverses the east-dipping
fold limb as a 30 meter wide zone of deformation in which displacement has occurred on
numerous fault surfaces. At its intersection with the next west-dipping fold limb to the east,
the fault zone again becomes a narrow, steeply-dipping, bedding-concordant structure. The
non-planar geometry of the fault zone and control of the overall slip geometry by the
orientation of the steeply-dipping, bedding-concordant fault segments, has led to the less
steeply-dipping, bedding-discordant fault segment forming a dilatant jog which hosts over
1.3 Mt of vein quartz.

VEIN GEOMETRY

Quartz veins occur as fault-fill structures (Fig. 2) predominantly in the bedding-
discordant fault segment, and to a lesser extent in the bedding-concordant fault segments.
Veins also occur as large extension vein arrays adjacent to faults in the bedding-discordant
segment of the WGFZ (Fig. 3). Individual extension veins are usually subhorizontal,
lenticular structures which extend along strike for distances up to about 10 meters and
typically have thicknesses up to 30 cm. More irregularly-shaped, branching veins are also
present. Extension veins are most abundant adjacent to individual faults in the dilatant jog
segment of the WGFZ and systematically decrease in abundance and width away from faults.
Extension veins are prominent over a maximum cross-strike width of around 50 meters in the
jog segment.



The kinematics of the WGFZ and the overall vein geometry indicate that faulting and
vein formation has occurred in a stress regime in which the far-field maximum principal
stress (01) was east-west directed and the far-field minimum principal stress (c3) was
approximately vertical. The overall fault orientation was therefore inclined at 60° - 70° to the
far-field oy.

The occurrence of steeply-dipping and irregularly oriented extension vein arrays,
together with the more usual sub-horizontal extension veins in the dilatant jog segment,
reflects the influence of local, and presumably transient changes in the stress regime during
faulting. Mechanical anisotropy of the host rocks and vein rotation, due to localised high
shear strain near some faults, has also influenced the geometry of extension veins.
However, localised curvature of some veins immediately adjacent to faults in the dilatant jog
cannot be ascribed to increasing shear strain adjacent to faults (Fig. 2b), and may indicate
rotation of stress trajectories by as much as 90° adjacent to some faults.

INTERNAL STRUCTURES OF VEINS

Extension Veins

Extension veins are composed predominantly of quartz. They usually have fibrous to
massive internal structures, but crustiform and idiomorphic fabrics also occur. Formation of
fibrous to massive extension veins has involved crack-seal growth mechanisms, with
individual growth increments ranging from 20um to 100um in thickness. Vein growth has
therefore involved hundreds to thousands of crack-seal increments.

Syntaxial and stretched-crystal types of crack-seal microstructures are present in veins
within sandstone units, whereas antitaxial microstructures are more usual in slate-hosted
veins. Crustiform and idiomorphic vein fabrics occur especially in some carbonate-rich
veins. The latter fabrics indicate a more simple, accretionary growth history that has
involved only a single stage of fracture opening and sealing. The single stage growth veins
have similar orientations to the crack-seal veins, indicating that the formation of the two vein
types was most likely broadly contemporaneous.

The delicate structures of rhythmically repeated crack-seal inclusion bands and high
crack aspect ratios (>10%) for individual crack increments indicate that the lenticular extension
veins have opened by repeated sub-critical crack growth in a regime of low driving pressures
(Cox, 1991). The single stage growth veins probably have formed in lower aspect ratio
cracks, and indicate higher driving pressures than the associated crack-seal veins. The
association of the two vein types is interpreted to reflect temporal and spatial variations in
driving pressures during the deformation history of the fault zone.

Fault-Fill Veins

The microstructures in fault-fill veins indicate that faults have been subject to a
protracted deformation history that has involved repeated cycles of fault dilation,
hydrothermal sealing and reverse slip, as well as shortening at high angles to fault surfaces.
Fault slip has probably involved both aseismic and seismic slip mechanisms.

Primary crack-seal and crustification microstructures in fault-fill veins are overprinted
to varying degrees by the effects of both brittle deformation and dissolution-precipitation
processes. Plastic deformation has been locally important. Discrete zones of pervasive shear
failure are marked by abrupt truncation of internal vein structures and the occurrence of
narrow bands of fine-grained quartz cataclasite in otherwise coarse-grained vein quartz.
Localised slip along the margins of fault-fill veins and internal wall-rock screens is indicated
by the presence of slaty cataclasites and breccias. Intense stylolitisation has also occurred at
the margins of many fault-fill veins and along the edges of internal wall-rock screens. The
occurrence of undeformed and strongly deformed vein fabrics in adjacent laminae of
laminated fault-fill veins, together with overprinting relations between these various types of
microstructures, indicate that dilation, slip, and shortening at high angles to the fault, have
been part of a cyclic process.



DISCUSSION

Fluid Pressures and Stress Regimes

The widespread development of sub-horizontal extension veins during high-angle
reverse faulting in the WGFZ indicates that faulting has occurred in a low stress difference
regime in which fluid pressures were at least transiently supralithostatic. Evidence for
repeated opening and sealing of extension veins requires that fluid pressures have fluctuated
between supralithostatic and sub-lithostatic levels during faulting. Clear evidence of repeated
episodes of dilatation and slip on the steeply-dipping, and therefore severely misoriented fault
segr(r)lents, also requires supralithostatic fluid pressures and low fault strength (Sibson,
1990).

The internal structures of the WGFZ provide valuable insights about the way in which
the mechanics of fault zones can depend on interactions between hydrothermal sealing of
faults and fluctuations in fluid pressure and shear stress during the seismic cycle. In
particular, slip recurrence intervals and the time-dependence of fault shear strength will be
particularly influenced by the relative rates of reaccumulation of fluid pressure and shear
stress after episodes of fault failure (Fig. 4).

The presence of extension veins adjacent to faults indicates that hydrothermal self-
sealing and formation of fault-valves within the WGFZ after successive shear failure events
commonly has been sufficiently rapid that supralithostatic fluid pressures have developed
before shear stresses could recover to levels high enough to induce renewed shear failure
(Fig. 5). The occurrence of irregularly-oriented vein stockworks in several parts of the
dilatant jog fault segment, and evidence for repeated dilatation of the steeply-dipping fault
segments in the WGFZ is especially significant as it indicates that supralithostatic fluid
pressures have been attained locally in an isostatic or near-isostatic stress regime. This
requires that some failure events have led locally to total shear stress relief.

The localised occurrence of steeply-dipping extension veins is inconsistent with the far-
field stress regime inferred for reverse faulting in the WGFZ. A transient change in the
orientation of the near-field o1 from its usual sub-horizontal attitude to a sub-vertical
orientation, as required by this vein geometry, may have a number of causes. One
possibility is that some failure events have resulted in dynamic overshoot and a transient flip
in the orientation of the stress-field. Alternatively, local stress reorientations can occur due to
interactions between adjacent fault segments. Transient near-field stress re-orientation can
also develop in response to wall-rock transport over non-planar fault geometries during slip
episodes. Such localised stress re-orientation is interpreted to indicate that far-field stress
diféerences have been at least transiently low during some stages in the evolution of the
WGFZ.

Comparison of the maximum rupture dimensions of the WGFZ with modern
earthquake ruptures (Sibson, 1989) indicates that individual slip increments have likely been
up to several centimeters. This corresponds to earthquakes in the M3 to M4 range and
indicates that the total displacement on the WGFZ could have involved several thousand slip
events. This number of slip events is comparable to the number of crack-seal growth
increments involved in the formation of the larger extension veins adjacent to the fault zone,
and lends support to the concept that crack-seal growth cycles correlate with individual fault-
valve cycles.

Fluid Dynamics During Fault-Valve Behavior in the Wattle Gully Fault Zone

Fault-valve behavior may have important implications for the dynamics of fluid
circulation and hydrothermal alteration in active fault zones, such as the WGFZ, which are
sites of focussed crustal fluid outflow.

Prior to failure events, upward fluid migration is impeded when low permeability
regions form within the fault zone by localised hydrothermal sealing. This promotes fluid
infiltration of the wall-rocks below pressure seals, especially when increased fluid pressures
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enhance hydrofracture dilatancy adjacent to faults (Fig. 6). Breaching of seals during fault
failure can interrupt this flow regime by transiently increasing fault permeability and thereby
causing an abrupt decrease in fluid pressure within the fault zone. Fluids that have reacted
with wall-rocks can then be driven back into the transiently lower fluid pressure fault zone.
Such effects are expected to be particularly important in the vicinity of dilatant jogs.

Fluid inclusion data so far provide only limited constraints on the magnitude of fluid
pressure fluctuations associated with fault-valve action in the WGFZ. Low salinity aqueous
fluid inclusions, from vuggy fault-fill quartz in the dilatant jog segment, homogenise in the
range 160°C to 240°C (Cox et al, in press). Provided trapping occurred at around 300°C, as
indicated by alteration mineralogy and stable isotope data, the 80°C spread in homogenisation
temperatures allows a maximum range in trapping pressures between 80 MPa and 175 MPa.
However, some of the variation in homogenisation temperatures is likely to reflect real
variations in trapping temperatures as well as trapping pressures. Substantial variations in
the density of CO3 (0.4 - 0.85 gm cm-3) in liquid CO; -bearing fluid inclusions also support
the concept that fluid pressures have varied during faulting and associated vein formation.
However, it is not clear whether these changes have been cyclic or monotonic during the
evolution of the fault zone.

In view of the arguments for fluctuations in fluid pressures in the WGFZ, it is expected
that fault-valve action could lead to distinctly different fluid migration patterns before, and
immediately after fault rupture (Fig. 7). Cyclic episodes of pre-failure fluid-rock reaction
adjacent to the fault zone, followed by immediate post-failure fluid mixing, during fault-valve
action, appear to have been key factors controlling the evolution of fluid chemistry and gold
deposition in the WGFZ (Cox et al, in press).

Fluid Volumes

Analysis of fluid budgets on the basis of the mass of quartz and gold deposited in the
WGFZ requires that a minimum of several cubic kilometers of water has been channeled up
through the structure during fault-valve activity (Cox et al, 1991a). This requires
approximately 106m3 of fluid to have migrated up through the fault during each of several
thousand fault-valve cycles.

For reasonable lifetimes of the hydrothermal system (104 - 103 years), and assuming
that near-lithostatic vertical fluid pressure gradients have been maintained, such flow rates
require a time-averaged permeability for the fault zone in the range 10-12 - 10-14 m2. Such
high values presumably reflect the transiently rapid fluid discharge through the fault zone in
the immediate post-failure part of the fault-valve cycle. The development of supralithostatic
fluid pressure compartments, albeit "leaky" ones, in response to hydrothermal self-sealing
and formation of fault-valves in the interseismic periods, requires a very much lower fault
permeability, probably less than 10-20 m2,

CONCLUSIONS

The Wattle Gully Fault Zone has been a site of localised crustal fluid outflow late
during a period of regional crustal shortening and low grade metamorphism. The internal
structures of this reverse fault indicate that its evolution has involved repeated episodes of
fault slip, fault dilatation, and growth of spatially associated extension fractures.
Hydrothermal self-sealing of the fault zone after repeated failure events has promoted fault-
valve behavior and development of transiently supralithostatic fluid pressures. Rates of
recovery of fluid pressure and shear stress after failure events are interpreted to been
important factors influencing nucleation and recurrence of failure events.

The abundance of subhorizontal hydraulic extension fractures, evidence for repeated
dilatation of steeply-dipping fault segments, and the severe misorientation of the WGFZ with
respect to the far-field maximum principal stress, all indicate that repeated fault failure has
occurred at supralithostatic fluid pressures and relatively low stress differences. The



geometries of extension veins in the fault zone indicate that some failure events have been
associated with near-total relief of shear stress and transient re-orientation of near-field
stresses.

Repeated fluctuations in fluid pressure associated with fault-valve behavior are
expected to lead to distinctly different fluid migration patterns adjacent to faults before, and
immediately after rupture events.
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Figure 4. Illustration of cyclic variations in (a) fluid pressure, and (b) shear stress (1) and
shear strength (1) as a function of time during fault-valve behavior in the WGFZ. Hydraulic
extension fractures open adjacent to faults at times t; when fluid pressure equals 63 + T (03
is the minimum principal stress, T is the tensile strength of the intact wall-rock). Shear
failure occurs at times tp. Note the strong dependence of fault shear strength on both fluid
pressure and shear stress. The fluid pressure history is influenced by several factors,
including the rate of hydrothermal re-sealing and rate of fluid recharge within the fault after
each failure event.
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Figure 5. Mohr diagram schematically illustrating evolution of eftective stress states during
a fault-valve cycle in the WGFZ. Failure envelopes for both the fault and the intact wall-rock
are shown. The fault is inclined at 70° to 1. Immediately after a shear failure event, shear
stress and fluid pressure are low (circle A). Localised post-seismic, hydrothermal sealing of
the fault zone then progressively increases fluid pressures and decreases effective stresses at
the same time as shear stresses begin to recover. Dilatation of steeply-dipping, bedding-
parallel fault segments can occur at B. Opening of hydraulic fractures at supralithostatic fluid
pressures occurs adjacent to the fault zone at C. With increasing shear stress, dilatant
fractures close and shear failure of the fault zone occurs at D.
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Figure 6.

a. Time-dependence of fluid pressure within a fault and in the adjacent wall-rocks . Slip
episodes occur at times (7 and 1.

b. Time variation of hydraulic head adjacent to a fault. As pressure seals form prior to
failure, fluid pressure in the fault zone becomes higher than in the adjacent wall-rocks at
time t; and t3. This promotes fluid migration out of the fault and into the wall-rocks.

Valve breaching and opening of dilatant jogs during failure at times tp and t4 cause fluid
pressures in the fault to drop transiently below fluid pressure levels in the nearby wall-
rocks. This causes fluids to migrate back into the fault zone where they can mix with fluids
migrating up through the fault from deeper levels.
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Figure 7. Schematic illustration of fluid migration patterns associated with cyclic fluid
pressure fluctuations during fault-valve behavior.

a. Fluid migration out of the fault beneath a pressure seal prior to a slip event.

b. Fluid migration from wall-rocks back into the fault during the immediate post-rupture
period.
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ABSTRACT

Mesothermal gold-quartz vein fields in greenstone terranes provide a record of fluid
involvement during faulting and may be products of seismic processes near the base of the
seismogenic regime. Detailed structural studies of these veins at Val d’Or in the Abitibi greenstone
belt indicate lithostatic fluid pressures and cyclic stress reversals, and support the analogy between
vein development and the earthquake stress cycle. A translation of selected gold-quartz vein
characteristics into earthquake rupture parameters, combined with vein distribution and dimensions
of the field they define, suggests that cyclic vein development was related to aftershock activity
along subsidiary structures associated with major earthquake ruptures along an adjacent crustal-
scale fault.

INTRODUCTION

Mesothermal gold-quartz vein systems provide good evidence for fluid involvement during
faulting. Their formation is interpreted to involve coupled stress- and fluid pressure-cycling, which
have been correlated with the earthquake stress cycle (Sibson et al., 1988; Cox et al., 1990;
Boullier and Robert, 1992). These veins may thus be considered as exhumed fossil products of
seismic activity and offer the possibility of studying the effects and importance of fluids along
seismically active faults, a subject of considerable interest (see Rice, 1992; Byerlee, 1993).
Considered at the district-scale, these systems may also provide insight to larger scale fluid
circulation and redistribution in the crust accompanying large earthquakes. The main objectives of
this paper are to further explore these potential links between vein formation and earthquake
processes and their implications, and to point out areas where further studies are needed.

Gold-quartz-tourmaline-carbonate (QTC) veins of the Val d'Or district in southeastern Abitibi
greenstone belt, Canada, have been structurally documented in detail and offer a good opportunity
for studying fault-related processes. The veins are well exposed in three dimensions through
numerous mines and they typify the structural character of many other gold-quartz vein deposits
and districts around the world (Eisenlohr et al., 1989; Hodgson, 1989; Poulsen and Robert,
1989). The structural attributes of these gold-quartz veins and the dynamics of their development
are first presented and serve as a basis for discussion their relations with earthquake processes.

STRUCTURAL SETTING OF GOLD-QUARTZ VEINS

Like many other gold-quartz vein districts, Val d’Or is localized along a crustal-scale, first-
order fault zone, the Larder Lake-Cadillac Fault (LLCF; Fig. 1). Such faults typically have a long
history of movement and are considered to represent the main channelways for upward migration
of deep fluids (Eisenlohr er al., 1989; Kerrich and Wyman, 1990). Within districts, however,
gold-quartz veins are rather associated with subsidiairy shear zones of second and third orders that
are developed away from the first order fault. At Val d'Or, structural and relationships indicate that
shear zones of all orders were formed (third order) or reactivated (first and second orders) during a
late increment of deformation (Robert, 1990). The presence of similar veins and gold-related
hydrothermal alteration in shear zones of all orders further indicates that they formed a district-
scale, 3-D network of interconnected shear zones as depicted in Figure 2.
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fault veins are low-displacement structures: based on a small number of adequately constrained
cases, total offsets, including any pre-vein slip, range from 0.1 to 2 m along small, discrete faults
to a maximum of 20-30 m along km-scale ductile shear zones. Fault veins hosted in discrete faults
without ductile components of deformation provide the most realistic estimates of vein-related total
slip. Assuming seismic slip only, the amount of slip related to each cycle is obtained by dividing
the total displacements by the number of slip increments recognized within fault veins. As
previously pointed out, the minimum number of slip increments along fault veins ranges from 20
to 100. Combined with intermediate values of total displacement along small, discrete faults, such
number of slip increments yield maximum displacements of a few centimetres for each slip event.

Rupture parameters crudely estimated using the above constraints, i.e. a few centimetres of
slip and rupture areas of 104-106 m2, correspond to earthquakes of M3 to M4 or less (cf. Table 1
in Sibson, 1989). Given that these rupture parameters represent maximum estimates, vein-related
earthquakes are likely to have been of smaller magnitudes. Clearly, additional studies of well
exposed fault veins should aim at documenting the number of slip increments, the total offset along
the vein, and the dimensions of the host structure and those of individual quartz laminae.

QTC vein distribution vs earthquake distribution

The magnitudes of vein-related earthquakes are relatively small compared to the large
earthquakes expected along lithospheric fault zones such as LLCF near the base of seismogenic
regime (Sibson, 1989). The relationships between expected large earthquakes along 1St-order
structures and the widely distributed, smaller vein-related earthquakes along subsidiary structures
require further investigation.

The distribution of QTC veins within the vein field at Val d’Or (Fig. 1) can be regarded as
reflecting the distribution of small earthquake events, integrated during the lifetime of the
hydrothermal system. The QTC veins at Val d’Or (Fig. 1) form a field or a cluster which is’
approximately 45 km long and 15 km across and which is located in the hangingwall of the LLCF
(Fig. 1). Such dimensions compare very well with those of clusters of aftershocks following major
ruptures along the San Andreas fault system, such as the Loma Prieta, California, earthquake of
October 17, 1989, with a cluster approximately 40 km long and 5 km across (McNutt, 1990), or
the Morgan Hill, California, earthquake of April 24, 1984, with a cluster approximately 40 km
long and 13 km across (Cockerham and Eaton, 1987). It is also important to note that in both
examples, at least some of the aftershocks occurred along subsidiary structures. The magnitude of
the vein-related earthquake estimated above, M3-4 or less, is consistent with the magnitudes of the
majority of aftershocks. This raises the interesting possibility that the individual seismic slip events
along fault veins correspond to aftershocks along subsidiary structures related to major ruptures
along the LLCF. As pointed out by Sibson (1993), changes in mean stress related to large
earthquakes along lithospheric faults induce fluid redistribution around the faults in fluid saturated
crust. Such effects may play a role in the district-scale dispersion of mineralizing fluids in the
network of interconnected subsidiary structures and should be further explored.

Duration of the cycle

Another immediate question related to the two-stage fault valve model presented here concerns
the duration of the cycle, which would broadly correspond to the duration of the interseismic
period.

Perhaps constraints could be placed from the inferred mode and rate of fracture propagation
and from the dimensions of individual ribbons dominated by crack-seal textures. As indicated
above, the delicate crack-seal structures must reflect slow, sub-critical crack growth. Individual
crack-seal-dominated ribbons typically consist of 1000 increments of an average thickness of 25
microns, and can be traced laterally up to at least 10 m. We consider that development of the entire
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ribbon takes place during a single interseismic period, rather than each crack seal increment
representing one complete cycle. The constant thickness of crack-seal increments and the constant
shape, mimicking irregularities of the crack walls, over 1000 cyclic repetitions suggest a steady-
state regime of formation. The observed lateral transition from crack-seal to open-space filling
internal structure in single ribbons further supports our interpretations: the existence of open spaces
requires that the fracture - remains open until complete filling without completely closing, hence
without Pf drop and within a single cycle .

Preliminary calculations, assuming sub-critical fracture propagation, for a typical crack-seal
layer with the parameters indicated above and using experimentally determined crack velocity (10-3
to 10-6 m.s-1, Atkinson and Meredith, 1987), indicate that a ribbon would take from tens of days
to hundreds of years to develop. Such duration of the interseismic period overlaps with the
recurrence interval of large earthquakes along lithospheric fault zones.

CONCLUSIONS

There is good evidence that mesothermal gold-quartz vein fields are fossil products of cyclic
and linked hydrothermal and seismic activity. A preliminary translation of vein-related parametres
into earthquake rupture parameters reveals many similarities of scale, dimensions and processes.
Such approach is worth pursuing with more quantitative documentation of the physical and
structural aspects of the veins and their host structures. It warrants further systematic quantitative
studies of vein parameters. Finally, it should be emphasized that these vein fields offer excellent
opportunities for exploring and studying earthquake-related processes in three dimensions and at
different scales.
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Geological evidence for fluid involvement in the
rupture processes of crustal earthquakes

Richard H. Sibson

Department of Geology, University of Otago
P.O. Box 56, Dunedin, New Zealand

Abstract: Evidence from shear zone mineral assemblages and hydrothermal veining suggests that
major fault zones act as conduits for the passage of large fluid volumes at all crustal levels. "Dry"
conditions for faulting are comparatively rare and are most likely to prevail at the time of fault zone
inception in crystalline crust. Most active crustal faults are therefore expected to operate with fluid
pressures at least at hydrostatic levels in their upper few kilometres, but there is geological
evidence that suprahydrostatic (and, locally, lithostatic) fluid pressures operate in the lower levels
of the seismogenic zone, and that fault-valve action is widespread. Incremental depositional
textures in veins suggest that flow is predominantly episodic at seismogenic depths and that a
dynamic interplay exists between earthquake faulting and fluid redistribution in the earth's crust. A
range of dilatancy pumping mechanisms, variously dependent on AT, AG, and APy, may contribute
to cyclic fluid redistribution around faults but their scale of operation and relative effectiveness at
different crustal levels remains unclear. However, it is clear that fault and fracture permeability
must continually be renewed for them to remain effective channelways, and that stress cycling acts
to modulate fluid flow in deforming upper crust affecting flow systems driven by long-term
hydraulic potentials.

There is geological evidence for mechanical involvement of fluids at all stages of the earthquake
cycle. Transient fluid pressure reductions at dilational jogs and bends may contribute to rupture
arrest, and stress-controlled fluid redistribution influences the time-dependence of aftershock and
swarm activity. The competition between creation and destruction of fracture permeability plays a
critical role in the accumulation of fluid overpressures in the lower half of the seismogenic zone,
affecting earthquake nucleation and recurrence. As a consequence of fluid pressure cycling from
fault-valve action, rheological models of fault zones and crustal shear strength profiles must also be
considered time-dependent, with integrated shear strength at a minimum prefailure but attaining a
maximum value postfailure at the end of the discharge phase.

Fluid pressure levels and fault instability
Frictional shear strength of an existing fault may be represented by a criterion of Coulomb form:

1= C+ Hs0n' = C+ Us(on - Py) (1

where C is the cohesive or cementation strength of the fault, p is the static coefficient of friction
(typically ~ 0.75), and oy, is the normal stress on the fault. Fault reactivation may thus be induced
by rising shear stress, decreasing normal stress, or by increasing fluid pressure. From the time of
Hubbert & Rubey's (1959) seminal paper on the mechanics of low-angle thrusting, it has been
clear that overpressured (suprahydrostatic) fluids play a critical role in faulting and there is now
good evidence that seismic rupturing is sometimes occurring within overpressured portions of the
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crust such as the Western Taiwan fold/thrust belt and regions of California adjacent to the San
Andreas fault (Sibson, 1990).

Processes of permeability destruction - diffusional crack-healing (Smith & Evans, 1984),
porosity destruction through solution-precipitation processes (Sprunt & Nur, 1977; Morrow et al.,
1981), and hydrothermal self-sealing of fractures (Grindley & Browne, 1976; Batzle & Simmons,
1977) - are fast-acting at T > 200°C in the lower half of the continental seismogenic zone, allowing
for complex coupling between episodes of fault failure, the creation and destruction of fracture
permeability, and fluid redistribution (e.g. Chester ez al. 1993) (Fig. 1). In such regions, fault-
valve action may be expected to occur when ruptures transect suprahydrostatic gradients in fluid
pressure and breach permeability barriers, leading to upwards fluid discharge along the transient
permeability of the fault zone and local reversion towards a hydrostatic fluid pressure gradient
(Fig. 4). Fault-valve behavior thus leads to fluctuations in fault zone permeability, fluid pressure
and strength tied to the earthquake stress cycle. Evidence for extensive fluid pressure cycling near
fault zones comes from fluid inclusion studies (Mullis, 1988; Grant et al., 1990; Parry & Bruhn,
1990; Boullier & Robert, 1992), and from local variations in very-low-grade metamorphic
assemblages associated with brittle fracturing in the upper crust (Coombs, 1993).

Possible dilatancy effects related to the fault loading cycle

The state of dilatational strain in a rock mass may be affected by variations in the levels of both
shear stress and effective mean stress, 6' = (0 - Pg). Different dilatancy mechanisms may be
grouped into those sensitive primarily to varying shear stress, AT, those sensitive to variations in
mean stress, AG, and those that are driven by fluctuating fluid pressures, APg (Table 1). At
present, the relative contributions of the different mechanisms to fluid redistribution cannot be
evaluated. A key issue, affecting the volume of fluid redistributed by dilatancy pumping, is
whether cyclic dilatational strains are localised to the material within fault zones or whether they
extend over broad regions of the surrounding crust.

More than one of the dilatancy pumping mechanisms may contribute to fluid redistribution in
any particular circumstance. To assess their relative contribution in different tectonic settings, it is
necessary to consider the coupled variation of both shear and mean stress during fault loading
(Fig. 2). In the case of a thrust fault, any dilatancy related to increasing shear stress during fault
loading is opposed by the coupled rise in mean stress, whilst any postfailure tendency for crack
closure from reduced shear stress is counteracted by lowered mean stress. In the case of a normal
fault, however, development of dilatancy during loading is favoured by both the increasing shear
stress and the coupled reduction in mean stress. Postfailure, reduced shear stress and increased
mean stress both contribute to crack closure. On these arguments, dilatancy effects throughout the
fault loading cycle should be more pronounced in extensional stress regimes.

APg-dependent hydrofracture dilatancy is widely developed in the near-surface within
extensional and strike-slip tectonic settings, but also develops in the lower reaches of the
seismogenic zone in compressional regimes that are overpressured to lithostatic levels as an
accompaniment to extreme fault-valve action. Localisation of hydrofracture arrays to the
immediate vicinity of fault zones suggests that the fault zones themselves are the principal conduits
for migration of overpressured fluids (Cox et al. 1991).

Rupture nucleation
The simple Coulomb criterion for frictional reactivation (eqn. 1) has been shown to be applicable to
several cases of induced seismicity occurring in the top few kilometers of the crust (Nicholson &
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Wesson, 1990). Its validity may well extend throughout the seismogenic zone, but fault failure at
depth may also be affected by other fluid-related processes such as subcritical crack growth by
stress corrosion, which allows time-dependent failure at constant stress (Das & Scholz, 1981).
However, when repeated rupturing accompanied by valving action occurs in fluid-overpressured
crust, the period prefailure is a time of increasing fluid pressure as well as shear stress, both of
which contribute to fault instability and rupture nucleation (Figs. 1 & 3). In the case of severely
misoriented faults, frictional mechanics suggests that it is the accumulation of fluid pressure to
meet the necessary condition, Pf> 03, that is the actual trigger for rupture nucleation (Sibson,
1990).

TABLE 1 - Postulated Dilatancy Mechanisms

MECHANISM PRIMARY REFERENCE
SENSITIVITY
HIGH-STRESS MICROCRACK DILATANCY - At Nur, 1972
at high (o1 - 03) Scholz et al., 1973
LOW-STRESS MICROCRACK DILATANCY - AT Crampin et al., 1984
from subcritical crack growth at low (61 - 63)
'SAND-PILE' DILATANCY - AT Nur, 1975
under low (61 - 03)
EXISTING JOINT/FRACTURE DILATANCY At &/or AG ? Nur, 1975
Ao COMPACTIVE EFFECTS - Ac Sibson, 1991
in highly fractured or porous material
HYDROFRACTURE DILATANCY - AP; Sibson, 1981
under low (07 - 03) & high P¢
GRAIN-SCALE PARTICULATE FLOW - AP¢ Cox & Etheridge, 1989
under high Prand low G'

Rupture propagation
There is geological evidence for several fluid-related effects linked to rupture propagation in fluid-
saturated crust. Rapid slip transfer across dilational fault jogs and bends leads to abrupt localized
reductions in fluid pressure and hydraulic implosion of wallrock into cavity space (Sibson, 1985).
Despite high anticipated levels of power dissipation during seismic slip (210 MW/m2),
pseudotachylite friction-melt is comparatively rare in exhumed fault zones. The feedback
interaction between temperature and pore-fluid pressure (Sibson, 1973; Lachenruch & Sass, 1980;
Mase & Smith, 1987) may account for the scarcity of this material. Provided the fault zone
contains comparatively impermeable material, the first increments of frictionally generated heat
during slip are sufficient to boost fluid pressure and lower kinetic shear resistance to an extent that
further heat generation is minimized. 'Clastic' dikes of gouge leading off slip surfaces may be
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diagnostic of these transient fluid overpressures. Development of transient fluid overpressures
behind the rupture front, before loss through hydrofracturing, provides one mechanism for the
drastic slip-weakening and healing processes inferred to accompany rupturing by Heaton (1990).

Earthquake swarms

Hill (1977) attributed earthquake swarms to the migration of fluids through a 'honeycomb mesh'
of interlinked shear and extensional fractures. In such systems, the passage of hydrothermal fluids
triggers a cascade of minor shear ruptures accounting for the high b-value character of swarm
activity. At other than very shallow depths, swarm activity is probably diagnostic of fluid
overpressures. Field exposures document the existence of such fault/fracture meshes, best
developed in extensional/transtensional tectonic settings, over a broad range of scales.

Rupture arrest and aftershock activity

Rupturing of an irregular fault surface leads to abrupt postfailure changes in mean stress localised
around the structural irregularities (Segall & Pollard, 1980), with redistribution of fluids from
areas of raised to areas of lowered mean stress (Nur & Booker, 1972; Li et al. 1987). Fluids are
driven out of compressional jogs and bends where mean stress increases postfailure, while the
most intense fluid influx, coupled with aftershock activity, is concentrated in regions of sharply
reduced mean stress such as dilational jogs and bends. At these dilational sites, rapid slip transfer
during rupture propagation causes abrupt local reductions in fluid pressure below ambient
(hydrostatic?) values. In some instances, the induced suctional forces may lead to rupture arrest
(Sibson 1985). Differing rock mass permeabilities can potentially account for variations in the
time-dependence of aftershock sequences.

Dilational fault jogs and bends thus act essentially as suction pumps and are often characterised
by multiply recemented wallrock breccias resulting from repeated hydraulic implosion, providing
evidence for abrupt imbalances in fluid pressure. Larger dilational structures typically comprise a
fault/fracture mesh of extension veins, implosion breccias, and subsidiary shears.

Controls on earthquake recurrence

The cycling of fluid pressures through the earthquake cycle as a consequence of fault-valve action
may greatly influence recurrence behaviour (Fig. 3). Rather than being determined solely by the
accumulation of shear stress to a "fault strength” that stays constant with time, as in the strictly
periodic and time-predictable recurrence models, both shear stress and fault strength change
through the interseismic period so that recurrence is determined by the intersection of rising shear
stress with decreasing fault strength as fluid pressures reaccumulate.

General Fault Zone Model

A range of models accounting for the generation and maintenance of fluid overpressures in
transcrustal fault zones have recently been proposed to explain the apparent weakness of the San
Andreas and other major fault zones. A key issue in the different models is whether the high fluid
pressures are derived from the fault zone acting as a migratory conduit for overpressured fluids
(Sibson, 1990; Rice, 1992), or whether the overpressures are continually regenerated from
essentially the same fluid volume during cyclical loading (Byerlee, 1990, 1993; Sleep & Blanpied,
1992). The development of extensive hydrothermal veining in fault zones, especially the gold-
quartz mineralisation precipitated at structural levels corresponding to the lower half of the
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seismogenic zone, provides geological evidence that fault zones, in at least some circumstances,
are acting as migratory conduits for the passage of substantial fluid volumes (Cox et al. 1991).

If fluid overpressures and associated fault-valve action leading to fluid pressure cycling are as
widespread as evidence is beginning to suggest, then fluid pressure gradients within transcrustal
fault zones must be regarded as time-dependent, affecting the shear resistance profiles derived from
rheological modelling. Figure 4 is an attempt to illustrate the effects on rheology and fault strength
for a transcrustal fault zone that are likely to arise from fluid pressure cycling associated with fault-
valve action. Both the depth and amplitude of the peak shear resistance become time-dependent.
In addition, the integrated strength of the fault zone is at a minimum prefailure and reaches its
maximum value at the end of the postfailure discharge phase, before self-sealing occurs and fluid
pressure starts to reaccumulate.

Conclusions

Aqueous fluids play a role in rupture nucleation, propagation, and arrest, and in the time-dependent
character of aftershock and swarm activity. Much seismic faulting occurs in fluid-overpressured
crust. Faulting then leads to complex interactions between stress cycling, the creation and
destruction of permeability, and fluid flow, that need to be incorporated into general models of
fault zone rheology and strength. Much more detailed information is needed on values of
permeability in and around fault zones, the distribution of impermeable barriers, the localization of
fluid overpressures, and the relative effectiveness of the various dilatancy pumping mechanisms.
A principal goal must be increased understanding of the chemical and physical factors controlling
the creation and destruction of permeability at different crustal levels.
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Figure 1 - Synoptic diagram of fault-valve activity, illustrating the dependence of fault failure on
both stress and fluid pressure cycling (after Sibson, 1992).
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Fluids and Faulting:
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Abstract

At Parkfield, along the locked-to-creeping transition of the San Andreas fault
in central California, source mechanisms and the development of some earthquake
sequences reveal interesting features with important implications for the mechanics
of fault failure. Temporal and spatial patterns of some clustered earthquakes reveal
a structure in which the events start at a point and proceed to spread outwards, usu-
ally horizontally in one or both directions along the fault zone. Some clusters occur
in the form of en echelon trends at an angle to the San Andreas fault, suggestive of
the tension gash arrays observed by structural geologists and perhaps of wing
cracks. Seismic P- and S-wave radiation and near-field moment tensor inversions
of clustered earthquakes permit a measurable component of tensile (CLVD) motion,
while there is some evidence that non-clustered earthquakes are pure shear failure.

These observations of the spatial-temporal evolution of cluster patch rupture
and the source mechanisms of both clustered and non-clustered earthquakes can be
construed as support for the growing number of conceptual models which involve
crustal fluids at pore-fluid pressures that fluctuate between low and high throughout
the earthquake cycle. These models predict certain patterns for the development of
rupture and types of earthquake source mechanisms that can be used to test compet-
ing models for rupture initiation.

We examine a plausible model for fluid-controlled seismicity at Parkfield in
which microearthquake clusters are proposed to represent small localized ’pods’ of
fluctuating pore-fluid pressure. Throughout the earthquake cycle, the pressure
within a pod gradually increases, due perhaps to the inexorable volumetric strain in
the fault zone, to decreasing permeability in fluid flow paths, heating effects, dehy-
dration, etc., until the pressure approaches lithostatic. At this point, the cluster patch
is weaker than the surrounding fault zone, and it fails in a process initiated with a
central fluid-driven event (not unlike a hydrofracture) that triggers shear failure on
the pre-stressed fault surface and is followed by a diffusion of failure outwards in
conventional shear-source microearthquakes, to distances typically as far as 200 m
but in some cases as much as two kilometers from the initiating failure. Non-
clustered earthquakes, in this failure model, occur at ’conventional’ strong asperities
by mechanisms that do not require a major role for fluids. We present some obser-
vations of microearthquakes at Parkfield that support this conceptual model.
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1. Introduction

When the U.S. Army was injecting waste fluid at high pressure into a deep
well at the Rocky Mountain Arsenal near Denver, Colorado during the 1960s, a
rash of local earthquakes triggered serious consideration of the possible role of
fluids in the faulting process. A field experiment (Raleigh et al., 1976) to test the
causal role of the decrease in effective normal stress on the faults at depth, due to
the increased pore-fluid pressure, in the triggering of the earthquakes showed con-
clusively that the occurrence of earthquakes can be controlled by modulating the
fluid pressure in a fault zone.

At about the same time, measurements of heat flow across the San Andreas
fault were failing to reveal a significant anomaly centered over the fault (Henyey,
1968; Henyey and Wasserburg, 1971; Lachenbruch and Sass, 1973). This was con-
trary to what was expected from laboratory rock mechanics experiments of friction
and failure. In a fractured rock, as we may envision the crust surrounding the San
Andreas fault to be, frictional sliding will occur on the fractures at a level of stress
below the fracture strength of intact rock. Laboratory experiments for precut rock
samples indicated that this frictional strength is about 100 MPa, under pressure and
temperature conditions believed to be obtained in the upper crust (Byerlee and
Brace, 1968, 1969; Byerlee, 1970). However, the absence of any detectable heat
flow anomaly over the fault constrains the fault shear stress to be an order of mag-
nitude lower, in the range of 10 to 25 MPa (Brune ez al., 1969), implying an unex-
pectedly low coefficient of friction on the fault (less than 0.1), much lower than the
0.6 to 0.8 of Byerlee’s law.

During the Cajon Pass Drilling Project in the 1980’s, the maximum principal
compressive stress at depth near the San Andreas fault was found to be nearly per-
pendicular to the fault, implying a very small resolved shear stress on the fault
(Zoback et al., 1987). This finding is in conflict with laboratory observations of the
mechanics of intact rock, in which the maximum principal stress is oriented at a
small angle (25 to 30 degrees) to the slip plane; however, a long-lived large-
displacement structure with a kinematically-controlled stress field, such as the San
Andreas fault, can slip under a maximum principal stress oriented at a steeper angle
to the plane. The characteristics of various geological structures found along and
adjacent to the San Andreas fault offer strong support for a steeper, near-normal
orientation of the maximum principal stress near the fault. Numerous anticlines,
synclines, and thrust faults strike parallel to the fault, indicating a significant
amount of compression perpendicular to the fault. Other stress indicators, such as
borehole breakouts, provide evidence that the maximum principal stress direction is
oriented at a high angle to the fault.

The absence of a fault-centered heat flow anomaly and the fault-normal orien-
tation of the maximum principal compressive stress along the San Andreas fault
suggest that the fault is weak. Two possible explanations are that either the fault
zone is composed of very weak (low friction) material, presumably fault gouge, or
fluids under high pressure are present within the fault zone. The weakest gouge
mineral likely present along the San Andreas fault in significant quantity is
montmorillonite clay, but this has a coefficient of friction of >0.2 (Radney and

40



Byerlee, 1988), double the value constrained by the heat flow data. It is highly
improbable that this clay is present in sufficient quantity to dominate the frictional
strength of the fault and result in an average fault friction coefficient of around 0.2.

Anomalous fluid conditions remain as the most plausible mechanism for the
weak fault. Fluids within the fault zone at sufficient volume and pressure result in
low effective normal stress on the fault, allowing the fault to slip under low
resolved shear stress and explaining the lack of a heat flow anomaly.

In this paper, we first review some of the evidence for fluids at high pore pres-
sure in the crust and some of the models in which fluids under high pressure within
fault zones exert significant control on fault slip and the nucleation of earthquakes.
Building on this background, we use new high-resolution microearthquake observa-
tions at Parkfield to present some suggestive evidence for the involvement of fluids
in the faulting process there, along the transitional stretch of the San Andreas fault
from locked to creeping behavior that produces repeating M6 earthquakes.

2. Evidence and Observations of Fluids and High Pore Pressures in the Crust

There is evidence for the presence of fractures in the upper 10 or 20 km of
Earth’s crust. To depths of 5 to 10 km, there are both direct observations of frac-
tures in mines and drill holes, and inferred evidence, based on electrical and fluid
conductivity measurements, which argues for interconnecting, fluid-filled fractures
to these depths (see Brace, 1972, for a summary). A crustal permeability study
(Brace, 1980) argues for high conductivities down to 8 km, and deep resistivity
measurements (Nekut et al., 1977) push the case for water-filled, interconnected
crustal fractures down to 20 km.

Evidence for fluid pressures well above hydrostatic at crustal depths greater
than a few kilometers is plentiful and varied. For example, there are borehole
measurements of high fluid pressures in various tectonic regimes, including sedi-
mentary basins, accretionary prisms, and crystalline basement (Fertl et al., 1976;
Yerkes et al., 1990; Davis et al., 1983; and Kerr, 1984). Fluid pressure increases
from hydrostatic to 90 percent of lithostatic between 2 and 5 km depth in sedimen-
tary basins adjacent to major active strands of the San Andreas fault system (Berry,
1973; Yeats, 1983; Yerkes et al., 1985; Sibson, 1990a). Berry (1973) describes an
extensive (250-315 km in length) geographic region in which pore-fluid pressures
within the Franciscan and Great Valley sediments reach near-lithostatic values. It is
generally expected that in regions of prograde metamorphism at depth, fluid pres-
sures approach lithostatic (Etheridge et al., 1983).

3. Hypotheses and Models for Fluid-Controlled Fault Slip

Several hypotheses and associated phenomenological models have been put
forth in which fluids and high pore pressures within the crust play a critical role in
the mechanics of fault slip and the nucleation of earthquakes. Reported
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observations in the early 1970s of temporal variations in seismic wave velocities
prior to earthquakes featured a decrease in the ratio of P-wave to S-wave velocities
(Vp/Vs), followed by an increase preceding a number of earthquakes (Nersesov et
al., 1969; Sadovsky et al., 1972; Whitcomb et al., 1973; Scholz et al., 1973). To
explain the phenomenon by known laboratory experimental results, Nur (1972) pro-
posed a dilatancy-diffusion model, in which the increasing stress in the nucleation
zone resulted in dilatancy of the rock, causing a decrease in Vp, and thus in Vp/Vs.
As water flows into the dilated zone, Vp/Vs increases as pore pressure rises until it
reduces the effective normal stress to the point that rupture takes place.

Another mechanism for earthquake failure involving fluids was put forth by
Raleigh (1977). Following suggestions that frictional sliding leads to melting on
the fault surface (Jaeger, 1962; McKenzie and Brune, 1972; Richards, 1976),
Raleigh calculated the frictional heating during fault motions and concluded that the
resulting rise in temperature is sufficient for the dehydration of clays and other
hydrous phases in fault gouge. The water released during dehydration increases the
pore pressure which can result in earthquake rupture. Lachenbruch (1980) con-
sidered pore fluid expansion due to frictional heating on the fault.

Sibson (e.g., 1992) has proposed that faults behave as fluid-pressure activated
valves, allowing hydrofracturing of the rock in the fault zone. In his model, faults
during the interseismic period are highly impermeable and act as pressure seals until
the pressure exceeds the strength of the rock and failure can occur. The seismic
rupture that takes place dramatically increases the permeability of the fault zone, so
that the fault becomes a channel for fluid flow and the discharge of fluids from
depth.

Models proposed by Byerlee (1990, 1993) and Rice (1992) call for distinct
differences between the state of stress within a weak fault zone and that within the
adjacent country rock and explain how this spatially varying stress tensor is compa-
tible with the requisite high pore pressures that explain the absolute and relative
weakness of the San Andreas fault. In their shear-failure models the magnitude of
the minimum principal stress is everywhere greater than the high fluid pressure
within the fault zone, precluding hydrofracture.

We investigate the above suite of proposed fluid-controlling processes in fault-
ing using high-resolution microearthquake observations. An extensive data set of
this type has been collected along the San Andreas fault zone in central California,
and we now explore the models with those data.

4. Hypothesis Testing Using the High-Resolution Data at Parkfield

At Parkfield, in central California, the 10-station borehole-installed network of
3-component sensors has produced 7 years of data that may help to discriminate
among the various proposed theories for the role of fluids in controlling fault-zone
properties and failure conditions. A 30-km segment of the fault in the vicinity of
the presumed M6 nucleation zone is being studied in fine detail. In this section, we
review the following three lines of investigation which are pertinent to the role of
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fluids in the faulting process:

1. three-dimensional P- and S-wave velocity structures;
2. temporal and spatial patterns of seismicity; and,
3. earthquake source mechamsms.

For each of the above, we describe the general observations and discuss or
propose fluid mechanical models for seismicity and earthquake nucleation, in the
context of the observations. For the latter two topics, we present our ongoing
investigations for testing the proposed models of fluid involvement in the mechanics
of fault slip at Parkfield.

4.1 Velocity Structure

4.1.1 Observations

The three-dimensional velocity structure at Parkfield has been determined by
the joint inversion for hypocenter locations and independent P- and S-wave models
using the high-resolution borehole network data at Parkfield (Michelini and
McEvilly, 1991) and by a similar inversion for the P-wave velocity structure using
Calnet data (Eberhart-Phillips and Michael, 1993). The combined P and S velocity
structure reveals two salient features (Figure 1; the coordinate system of this and all
subsequent maps is defined with respect to the velocity inversion model: x is posi-
tion (in km) northeast across the fault, y is the position (in km) northwest along the
fault, and z is model depth (elevation) (in km), which is one kilometer shallower
than true depth. The point (x,y,z) = (0,0,—1) is the location of the epicenter of the
1966 mainshock.) First, in the locked segment of the fault (to the southeast), a rela-
tively high P- and S-velocity body, with normal Vp/Vs ratio, is present southwest of
the San Andreas fault below 5 km depth. The P and S velocities of 6.6 and 3.6
km/s appear too high to be the granitic Salinian block. This high-velocity body
seems to control the mode of deformation, the seismicity pattern and the extent of
rupture in larger events, a role similar to that proposed for a deep high-velocity
body at Loma Prieta (Michelini, 1991; Foxall, 1992; Foxall et al., 1993). The P-
wave velocity model of Eberhart-Phillips and Michael (1993) also includes a high
velocity body in the vicinity of that found by Michelini and McEvilly (1991).

The second notable feature in the 3-D model has relevance for the role of
fluids in crustal processes. This is the region of high Vp/Vs ratio (about 1.9), local-
ized within the fault zone at a depth of 8 km and extending from the 1966
mainshock focus southeastward about 5 km into the 1966 rupture zone. The dimen-
sions of the high Vp/Vs anomaly are close to the model resolution from the inver-
sion process. Within these limits, the zone is clearly a flattened ellipsoid within the
fault plane, elongated in the southeast-northwest direction of the fault. Maximum
dimensions (based on the 1.9 ratio contour) of the zone appear to be 5-7 km by 3
km within the fault zone and perhaps 1 km wide normal to the fault. The anomaly
lies within the region of depressed P- and S-wave velocities characteristic of the
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fault zone but seems to be caused by a relatively greater reduction of the S-wave
velocity in the localized zone. Eberhart-Phillips and Michael (1993) also find a
region of low P velocity which is quite extensive (30 km x 50 km) and has its
greatest intensity localized in the region of the high Vp/Vs anomaly of Michelini
and McEvilly (1991).

The high Vp/Vs anomaly is located in the same general area that has shown a
progressive velocity change in the coda of waveforms in the Vibroseis monitoring
experiment (Karageorgi et al., 1992) and has become a major focus of intense study
at Parkfield. It is tempting to associate it with anomalous conditions related to the
nucleation process of the M6 earthquake.

4.1.2 Models: Possible Explanations for the High Vp[Vs Anomaly

Computational artifact. 1t is possible that the high Vp/Vs anomaly is simply
an artifact of the computation, but formal resolution in the numerical inversion
problem is reasonably good in that region compared to elsewhere in the model
volume (Michelini and McEvilly, 1991). Thus, there is no reason to suspect a
localized systematic error.

Shear-wave anisotropy. S-wave anisotropy is known to exist in the fault zone
at shallower depths (Varian well VSP survey and Vibroseis monitoring program,
e.g., Daley and McEvilly, 1990; Karageorgi et al., 1992) and is best explained as a
fault-zone fabric effect, with a horizontal axis of symmetry normal to the fault. To
produce the localized S-wave velocity reduction by selective birefringence requires
a contrived combination of S-wave polarizations and propagation directions unique
to the anomalous zone. In addition, this peculiarity must apply to S waves from
sources below the anomalous zone along the entire southeast-northwest section of
the fault zone, comprising a wide range of ray paths. Furthermore, less than 10%
anisotropy is seen at the shallower depths, whereas the anomalous S-wave velocity
suppression is more than 15%. Of course, there may well be a component of S-
wave anisotropy contributing to the anomaly, but it is not likely to explain both the
Vp and the Vs anomalies.

Extensive saturated fractures. This is a real possibility, if open fluid-filled
fractures can exist at depths of 5 to 10 km within fault-zone materials (a deep
equivalent of gouge, yet having lower velocity than normal crustal constituents at
those depths). The anomalous Vp/Vs zone at Parkfield is the presumed nucleation
region of an M6 earthquake probably late in its recurrence cycle and, as such, may
be highly fractured due to dilatancy.

High pore-fluid pressure (with or without fractures). Our favored explanation
for the anomalously high Vp/Vs zone is that the region is overpressured. Eberhart-
Phillips and Michael (1993) also suggest high fluid pressure as the cause of their
low P-wave velocity region, within which the high Vp/Vs zone resides. They point
out that very low resistivity, lack of a low gravity signature, and highly magnetic
material (probably serpentinite) above the low-velocity feature are also consistent
with high fluid pressure in this area. Porosity of the rock may exist as fractures or
as diffuse intergranular space (or both). Elevated pore pressure will significantly
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decrease the S-wave velocity, but will cause only a small decrease in the P-wave
velocity, resulting in a high Vp/Vs (Nur, 1972). High pore pressure has been docu-
mented along the San Andreas fault at shallow depths (less than about 4-5 km, e.g.,
Berry, 1973; Sibson, 1990a). At seismogenic depths, plausible mechanisms for
increasing the pore pressure include permeability and porosity reduction as a result
of the inexorable volumetric strain of relatively weak fault-zone material due to
fault-normal compression, decreased permeability in fluid flow paths, thermal
expansion of fluids due to frictional heating, dehydration of clay minerals, etc. The
possibility of such mechanisms operating at observable rates in the Parkfield nuclea-
tion zone has made the Vp/Vs anomaly a prime target in the monitoring program
for premonitory change, using both clustered microearthquakes and the Vibroseis as
highly repeatable sources of P- and S-wave illumination of the anomalous zone.

4.2 Spatial and Temporal Characteristics of Seismicity

4.2.1 Observations

Seismicity at Parkfield from 1987 through 1992 is distributed along the central
30 km stretch of the fault containing the Middle Mountain nucleation zone of the
M6 earthquakes (Figure 2). The distribution of earthquakes during this period is
consistent with the long-term pattern of seismicity evident since 1970, as described
by Bakun and Lindh (1985) and Poley et al. (1987). Hypocenters are limited
mostly between depths of 2 and 12 km. The general patterns of seismicity, includ-
ing relatively quiet ’gaps’, areas of high concentration of earthquakes, and regions
of more diffuse activity, has been largely stable from year to year (Figure 3)
(Nadeau et al., 1993). However, there appears to be some evidence for migration
of activity northwestward from y = -3 km into the nucleation zone of the M6 and
M4.7, beginning in 1989 and culminating in the October 1992 M4.7 and the
November 1993 M4.8 sequences that filled the gap from y =-3 to y =+3 km
through the M6 nucleation zone at 8-10 km depth. The patterns of both the back-
ground seismicity and the dense concentrations of activity, as observed by the
high-resolution network since 1987, seem related to various features of the velocity
model (for example, the high velocity body and the high Vp/Vs region), to the 1966
hypocenter and rupture zone, and to the overall fault zone transition from locked to
creeping behavior across the nucleation zone (Foxall, 1992).

Very fine-scale concentrations of earthquakes also occur, almost anywhere
along the seismically active part of the fault. These clusters typically have dimen-
sions of 100 to 200 m and consist of anywhere from 2 to 20 or more earthquakes,
with interevent times from 2 seconds to 4 years or more (Nadeau et al., 1993).
About 80 clusters have been identified in the period 1987-89, and although they
occupy only a fraction of the total fault surface (about 1-2%) that will likely slip in
the M6 event, they represent about 50% of the earthquakes recorded and a
significant amount of the seismic energy. For example, the M4.7 of October 1992
is the mainshock member of a cluster with 12 members identified to date, having
magnitudes as small as -0.5 (Johnson and McEvilly, 1992). This fine-scale
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clustering in microearthquake occurrence is a fundamental characteristic of the
fault-zone dynamics at Parkfield and bears on the mode of seismic strain release
along that stretch of the fault.

Using a cross-correlation/cross-spectrum technique, relative timing of the P and
S arrivals among cluster members can be obtained to sub-sample timing (i.e., to less
than 2 ms), resulting in relative locations accurate to about 5 to 10 meters. This
has provided a very detailed picture of the rupture process in these fault zone
patches, within which successive seismic failure occurs with an interevent spacing
of meters to tens of meters, spanning an ultimate extent of 100 to 200 meters for
most clusters of highly similar events.

After applying this high-resolution relocation process to some of the clusters,
we find intriguing geometrical structure at sub-cluster size, suggestive of intricate
slip processes. In several of the clusters analyzed to date, we find what appear to be
en echelon lineations of hypocenters. Figure 4 shows two such clusters. The first
(Figure 4a) appears to consist of two en echelon strands 50 m apart and 100 m
long, as well as a third roughly equidimensional (within the resolution of the loca-
tions) sub-cluster. The cluster shown in Figure 4b may show two en echelon seg-
ments about 70 m apart and 100 to 200 m long, although the sparse distribution
within this particular cluster precludes more definitive statements. In Figure 4, the
en echelon segments are rotated about 40 degrees clockwise from the N4SW local
strike of the San Andreas fault, which lies parallel to the y—axis.

4.2.2 Models of Fluid Involvement in Clustered Microearthquakes

In one hypothetical model for fluid-controlled fault slip at Parkfield, the clus-
ters of concentrated seismic slip represent localized ’pods’ of high fluid pressure.
We can imagine the fault zone to consist of a complex distribution of separate
hydrologic domains, much as Byerlee (1993) proposed. Observed in deep oil reser-
voirs, fluid domains are seen to be disconnected, seal-bounded fluid compartments
of various dimensions, porosities, and pore-fluid pressures. An analogous model for
seismicity at Parkfield, both clustered and non-clustered, calls for the discretization
of the fault zone into fluid domains. The small clusters of earthquakes, especially
those consisting of nearly coincident, highly similar members within small volumes
(less than about 200 m), have potential for discerning fine-scale patterns of fault
zone slip and yielding evidence for the existence of domains and how they change
through space and time. The repetitive nature of the sources concentrated within
the clusters (on time scales ranging from minutes to days to years) suggests a
modulating local effective stress. In this model fluid injection, generation, or
compression causes increasing pore pressure within a cluster pod until the fluid is
forced out of the pod as a hydrofracture. The initiating hydrofracture may be lim-
ited to the very first break of the fault patch, and the event may grow immediately
into a conventional shear failure. Alternatively, an initiating event in a sequence
may be substantially tensile failure. In either case, the resulting fault slip creates
increased fracture permeability and porosity, draining fluids from the patch, increas-
ing the effective normal stress and inhibiting further slip. During the interseismic
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period, fracture permeability is reduced by, for example, mineral precipitation seal-
ing the compartment or by volumetric compressive strain, or perhaps the fluid pres-
sure is increased by thermal expansion or dehydration, allowing failure to occur in a
cyclic manner until the anomalous fluid concentration dissipates or migrates to
another, hydrologically more attractive, patch on the fault.

A second model reverses the above pathology of cluster patch failure, defining
clusters as strong, relatively dry patches distributed throughout an otherwise fluid-
weakened fault zone that is largely aseismic at the microearthquake scale. Stated
briefly these two models are:

Model 1. Earthquake clusters occur in weak (saturated and overpressured)
patches and the surrounding fault zone is strong (relatively dry);

Model 2. Earthquake clusters occur in strong (relatively dry) patches and the
surrounding fault zone is weak (saturated and overpressured).

Schematic diagrams of these two models are presented in Figure 5. The first
model predicts that as the fault zone undergoes increasing strain, pore pressure in
the cluster patches will increase until the effective normal stress is small enough
that the patch can slip. This would force the fluid from the patch into the relatively
more dry and stronger surrounding regions of the fault zone, a process which would
manifest itself as an outward propagation with time of the earthquakes in a cluster
patch, with some tensile (hydrofracture) component, at least in an initial event of a
sequence.

There are two variations of Model 2. If in the second model the mechanism
for patch rupture is fluid-dominated (as depicted in Figure 5), then as the fault zone
accumulates strain, fluid in the surrounding fault zone would be forced into the rela-
tively drier cluster patches, decreasing the effective normal stress on the patch pro-
gressively inwards toward the center of the patch, allowing the patch to slip under
shear as it does so. However, this model does not require a dominant fluid mechan-
ism. In a second variation on Model 2, the patches represent conventional strong
asperities which fail without the influence of effective normal stress reduction
through increased fluid pressure. The patch weakens by some other mechanism
(e.g., stress corrosion, strain weakening, etc.) and subsequently fails dynamically as
a common shear failure. This variation of Model 2 is also the basic model for the
failure of non-clustered earthquakes at Parkfield.

These contrasting models for fault zone slip can be tested with the fine-scale
microearthquake occurrence patterns within individual clusters of events (next sec-
tion). In addition, there should be detectable differences between the source
mechanisms of the initiating cluster events of Model 1 and those of both variations
of Model 2. Model 1 failure would involve some component of hydrofracture,
while patch failure in either variation of Model 2 would be accomplished by a com-
mon double-couple shear mechanism. Non-clustered earthquakes would also fail
with double-couple shear motion (see Section 4.3). There may be a difference in
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stress drop between the three models of failure. Depending on the fraction of shear
stress relieved (which would depend on the slip-locking process) and on the area
involved in a given slip amplitude (which may depend on the size of the pod or
asperity), the model mechanisms may differ in stress drop.

4.2.3 Testing the Models: Observations of the Evolution of Cluster Patch Rupture

In an attempt to test the models, we have been investigating geometrical, tem-
poral and mechanistic properties of the clustered earthquakes and their surrounding
environment within the fault zone. For the present work, we consider any spatially
and temporally related set of earthquakes as clusters. With such a definition, the
clusters we have admitted are anywhere from 100 m to a couple kilometers in spa-
tial extent, but of short duration (hours to days).

We start by considering the spatial and temporal evolution of cluster failure.
The locations we use are those from the Parkfield high-resolution catalog (located
using the 3-D velocity model). Repicking and careful relocations (fixed-station set,
same phase weights, etc.) result in a shift of the entire pattern by an amount less
than about a kilometer, but the relative locations retain their patterns to 10-20 m. It
may be possible to improve incrementally the full cluster data set by such work,
which is underway.

Figure 6 shows the activity starting with the M4.7 mainshock in October 1992,
followed by its immediate and some of its later aftershocks, plotted as a function of
time ¢ versus each of x, y, and z, the three orthogonal directions defining the fault
plane (as in Figures 1 and 2). The cluster in Figure 6 is the largest-scale cluster we
have examined to date, and it shows the general features we have observed in
numerous clusters. Clusters seem to start at some point on the fault and with subse-
quent earthquakes they tend to spread out from this point with time, usually hor-
izontally along the fault, but sometimes also in depth or across-fault. Many clusters
then experience a burst of activity at a later time back in the center of the patch,
near where the initial rupture took place. In the cluster shown in Figure 6, the first
earthquakes occurred at time ¢ = 92.804 (decimal year; October 20, 1992 at 05:28
UTC) in a tight group at a position of about y = —3 km along the fault, x = -2 km
across the fault, and a depth of 10 km (z = -9 km); the initiating event was the
M4.7 mainshock. From here, activity spread outward in both directions along the
fault (+ and — y directions, i.e., northwest and southeast) and shallower and deeper.
This activity was followed by a burst of aftershocks at t = 92.821 (October 26)
near the first-ruptured region; this set of aftershocks repeated the general pattern by
propagating simultaneously to the northwest and southeast (X y) along the fault.
Figure 7 shows this second burst in more detail. The sequence terminated about a
day later at ¢+ = 92.823 (October 27) with a few earthquakes in the center of the
patch that was ruptured the previous day.

Figures 8, 9, 10, and 11 present four other clusters which show the same types
of rupture behavior with time. In some cases, the first-ruptured portion of the patch
remains active (Figure 8); other clusters propagate only outwards but culminate with
a burst in the vicinity of initial rupture (Figures 7 and 9), and the two clusters
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shown in Figures 10 and 11 grow monotonically outwards. The earthquakes of
these sequences usually spread horizontally along the fault in one or both directions,
but sometimes they propagate in depth also. The cluster shown in Figure 10 grows
downwards and to the southwest, perpendicular to the main fault, for about 1 km,
perhaps along a conjugate fracture plane (an en echelon trend?), at a high angle to
the San Andreas fault.

The propagation characteristics of these clusters do not reliably demonstrate
the flow of fluid outwards from the patch centers as overpressurization and subse-
quent fault slip takes place, but it is an admissable process. An alternative mechan-
ism, of course, is that the clustered earthquakes are triggered by the outward propa-
gation of stress pulses due to the release and redistribution of strain energy from the
previous earthquakes.

4.3 Source Mechanisms

4.3.1 Motivation and Models

Our exploration of these hypotheses for the role of fluids in the nucleation of
both the M6 and the small clusters of earthquakes is motivated in large part by the
likely effect of fluids in shaping the velocity structure, in particular the region of
high Vp/Vs. In addition, the spatial and temporal evolution of clustered events and
their repetitive nature are suggestive of the diffusion of water and microearthquakes
outwards from the cluster center, and of a cycling in effective stress within the clus-
ter patch, respectively. Furthermore, while most of the first motion mechanisms
determined for earthquakes along the San Andreas fault tend to be strike-slip shear,
we have found that the initiating events of two of the clusters (Figures 7 and 11)
indicate mostly normal faulting motion, which may be indicative of a tensional
(hydrofracture) component of motion, although one of those events could also be fit
by a strike-slip mechanism. These characteristics argue for the first (weak patch,
high pore-fluid pressure) model of earthquake cluster failure (Model 1; Figure 5).
This model is likely to involve a failure process which is initiated with a central
fluid-driven high stress drop hydrofracture event. The spatial patterns in the clus-
ters suggest a complexity in the faulting process at Parkfield that may involve a
range of slip type. A careful investigation of source mechanisms and their distribu-
tion is clearly neccessary.

We are also motivated in this exploratory research by numerous other lines of
evidence for the possible existence of non-shear earthquake mechanisms. Laboratory
experiments have demonstrated that shear failure in intact rock is accompanied by
tensile failure in the form of wing cracks, which develop near the tips of the shear
crack; initially and nearest the shear crack tip, the wing crack is oriented at a high
angle to the shear crack but farther from the main crack, the wing crack rotates and
becomes oriented parallel to the direction of maximum principal stress (e.g.,
Nemat-Nasser and Horii, 1982). Fracture theory predicts crack tip stresses con-
sistent with the numerous laboratory and field observations of wing cracks (Pollard
and Segall, 1987). Development of a macroscopic shear plane occurs by the
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coalescence of tensile cracks (Hallbauer et al.,, 1973; Nemat-Nasser and Horii,
1982). Studies of joint formation in granite show clearly that voids open at seismo-
genic depths (e.g., Martel et al., 1988; Martel and Pollard, 1989). Figure 12 shows
the wing crack model and the en echelon arrays of tension gashes oft observed by
structural geologists, and their analogy to the en echelon lineations along the San
Andreas fault at Parkfield as imaged by earthquake epicenters.

Seismological evidence for non-shear fault mechanisms includes the observa-
tion that a substantial fraction of earthquakes induced at depth in massive granite
appear to have a significant tensional component (Feignier and Young, 1991,
Gibowicz et al., 1991), and some microearthquakes at Long Valley caldera have
been shown to involve a substantial amount of non-double-couple body wave radia-
tion (Peppin and Johnson, 1994).

These observations and theoretical results, coupled with the growing evidence
for the major role of high pore pressure in facilitating slip within fault zones (e.g.,
Sibson, 1992; Rice, 1992; Nur and Walder, 1992; Byerlee, 1993), prompts a search
for tensional-failure events indicative of local hydrofracturing.

4.3.2 Testing the Models

In analyzing the data for the subtle evidence of a non-double-couple source
component using small earthquakes (magnitudes less than 1.5 or 2), conventional
first-motion focal mechanisms will not suffice because of the limited close-in
azimuthal coverage and lack of high-gain high-resolution instruments. However,
with high quality data from modern high-sensitivity networks concentrated in small
regions, it is now possible to try novel methods of determining source properties of
earthquakes over a large magnitude range. We now explore this topic using the
Parkfield data.

Following Peppin and Johnson (1994) and Johnson et al. (1992), we compute
S-to-P spectral ratios in the frequency band below 5 Hz for three-component data at
a number of recording sites at a range of azimuths. We choose reasonable models
for shear and tensile sources and compare the predicted values of the ratios to the
observations.

The model adopted for the shear source is taken from the double-couple solu-
tion for the sfrike, dip, and rake of the San Andreas fault and of its auxiliary plane.
These fault parameters were combined with the angles-of-incidence and azimuth
information obtained by location through the three-dimensional velocity model.
Because of the symmetry of double-couple sources, each choice of strike, dip, and
rake gives the same predicted radiation patterns of S/P. We calculate the S/P far-
field spectral ratio for the shear source from equations 4.33 of Aki and Richards
(1980).

For the tensional source radiation pattern, we chose the model that follows
from fracture mechanical theory, which is in agreement with the observations of
numerous laboratory experiments of failure. Thus, the orientation of the wing
cracks trends toward the direction of maximum compressive stress (Nemat-Nasser
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and Horii, 1982). In this model, two solutions are obtained for the S/P spectral
ratio because the wing cracks can be formed by either of the two possible shear
fault planes (i.e., the San Andreas and its auxiliary plane) and associated slip vec-
tors. For the tension source, the S/P spectral ratio is computed using equations of
3.12 and 3.13 of Walter (1991).

We illustrate the analysis in Figure 13, which shows the results we have been
obtaining for the mechanisms of clustered and non-clustered earthquakes. It is pos-
sible to interpret the events as shear, tensional, or mixed corresponding to the
degree to which the observations fit the predictions. In this manner, the spectral
ratios of the cluster event in Figure 13 and those of other cluster events suggest that
these earthquakes involve a substantial non-double-couple component, while the
spectral ratios for the non-clustered event agree well with a double-couple mechan-
ism.

Another promising method we have been investigating for the determination of
source mechanisms is near-field moment tensor inversion (Uhrhammer, 1992). From
a single three-component broadband station in the near-field (within about 35 km,
depending on the source size and signal-to-noise ratio), it is possible to recover a
robust estimate of the full, unconstrained seismic moment tensor, including all six
independent components of the seismic source. Using a least-squares procedure in
the time domain, the inversion finds the complete unconstrained moment tensor that
best fits the observations, using a halfspace model derived from the traveltimes and
hypocenter. The best-fitting double-couple solution is also calculated. Of the near-
field terms visible in the displacement seismogram (the ramp and offset), the ramp
provides the most constraint on the moment tensor. It is the low frequency nature
of the ramp that allows the halfspace model to work so well; a layered halfspace
model can provide a better fit to details of the waveforms, but it does not
significantly improve the resolvability of the moment tensor components (Uhrham-
mer, 1992).

We have been using U.C. Berkeley’s Broadband Digital Seismic Network
(BDSN) station PKD1 at Parkfield (80 samples per second) for the inversion of
Parkfield earthquakes and have been obtaining some interesting results. Figure 14
shows examples of near-field moment tensors obtained for two Parkfield events (the
My, 3.7 on February 15, 1993 and the My, 4.9 on April 4, 1993). Synthetic seismo-
grams are shown along with the observed data. The near-field ramps are clearly
visible on all three components (vertical, radial, and transverse) for both earth-
quakes. The orthogonal lines of the mechanisms represent the best-fitting double-
couple solution; shaded regions represent the full unconstrained solution. Both
events have a significant non-shear (CLVD) component (17% and 15%, respec-
tively). The degree to which the unconstrained moment tensor (shaded region) over-
laps or fails to meet at the intersection of the double-couple nodal planes is con-
trolled by the interaction of the CLVD and isotropic components of the decomposi-
tion of the tensor. These two non-double-couple components can work together or
against each other, so without looking at the individual components, it is impossible
to say whether the mechanism is tensile or compressive by observing the full solu-
tion. We have broken the tensor of the February event into its three components
and the result indicates a component of tensile motion for this event. Compared to
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other regions along the San Andreas fault, a higher proportion of the near-field
moment tensors of events at Parkfield are showing a substantial amount of CLVD
component (Uhrhammer, pers. comm., 1993).

The results of these source mechanism studies show that events in some clus-
ters appear to have a measurable tensile failure in their mechanisms, suggesting the
possibility that we may finally be observing at a scale in which the fault rupture ini-
tiation may be studied over lengths of meters and times of milliseconds, and where
modern instrumentation allows unambiguous identification of non-shear fault slip.

5. Discussion

Parkfield is proving to be a region of complex faulting at all scales. The en
echelon patterns, the spatial and temporal evolution of cluster patch rupture, the
diffusion-like propagation of events outwards from the patch and its repetitive
nature, and the evidence for non-shear tensile failure all lend support to Model 1, in
which earthquake cluster patches are high pressure pods waiting for a break.

Model 1 suggests that the initiating events of the clusters are hydrofractures.
This may be observable under the right conditions (as our observations indicate is
possible), but it is likely to be difficult to see in most cases. If fluids are involved
and all the cluster events have identical waveforms, then either all the events are
hydrofractures, or the hydrofrac component of the initiating event is overwhelmed
by its later shear slip history, which dominates the waveform and accounts for most
of the energy release. Another possibility is that the initiating events may not
always be identified with a cluster. For example, if members of a cluster are
identified by the similarity of their waveforms but the waveform of the initiating
event is strikingly different due to a substantial tensile component, it would not be
identified as the initiating event of the cluster, with our waveform-based criterion.

Diffusion velocities of cluster sequence event propagation are highest near the
pod center (about 170 km/day) and decrease as the process moves outward until
velocities of about 1-10 km/day are reached.

Fluids at high pressures almost certainly exist within the fault zone and may
play a critical role in the microseismicity and the nucleation of the impending M6
event. The nucleation and failure mechanism of the M6 Parkfield earthquake may
be similar to that proposed for the clusters. The 5-7 km by 3 km tabular region of
high Vp/Vs ratio and low seismicity (until the October 1992 and November 1993
sequences) near the 1966 hypocenter (Foxall, 1992) defines a zone of distinct physi-
cal properties in the presumed M6 nucleation zone. Our hypothesis is that it is due
to localized high pore-fluid pressure in either the ’normal’ porosity extant
throughout most of the fault zone, or within dilatancy-related fractures in the
nucleation zone. The failure process culminating in the M6 event must first effect
slip on the high Vp/Vs region (the ’usual’ Parkfield M5 foreshock?) and when this
’megapod’ grows, perhaps in a scaled up version of the cluster slip process, it
quickly breaks the entire vertical section (2 to 12 km depth) of the fault zone, with
the resulting ‘runaway’ slip being the M6 event.
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6. Summary and Conclusions

Modern high-resolution borehole-emplaced seismographic networks concen-
trated in regions of intense seismicity are revealing a new level of detail in the
pathology of major fault zones (e.g., Anza and Parkfield, CA) and other active com-
plex structures (e.g., Long Valley caldera, The Geysers geothermal reservoir).
Yielding relative hypocenter locations accurate to a few tens of meters, 1-2 km
resolution in independently estimated P- and S-wave velocity structures (and Vp/Vs
ratio), and the fine-scale spatial and temporal distribution of seismicity, these obser-
vational tools may finally provide long-sought direct evidence for fluid-controlled
fault failure.

In this paper we have shown some details from the Parkfield earthquake stu-
dies that have implications for the possible role of fluids in the dynamics of the
fault-zone. The combined approach of both the fine-scale view of coupled
geometrical/temporal evolution of cluster failure along with the investigation of
earthquake source mechanisms, especially for small earthquakes (magnitudes less
than 1.5 or 2), may expose finally the suspected and likely important role of fluids
in fault-zone failure. The anomalous Vp/Vs within the deep fault zone seems to
indicate the presence of high fluid pressures. The earthquake clusters may delineate
localized pods of high fluid pressure. Spatial-temporal migration within and among
clusters reflects a stress diffusion process. Source mechanisms appear to contain a
non-shear component indicative of hydrofracturing, consistent with a model involv-
ing induced seismic breakout of high pressure pods along the fault zone.
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Figure 1. Map view of the deep (>5 km) high-velocity body (-3 <y < —11) and
the deep (8 km depth) high Vp/Vs anomaly (2 <y < -3) (bold outlines). Also
shown are the 1966 epicenter (solid diamond), clustered (solid dots) and other
(open circles) background seismicity; and the town of Parkfield. Major faults:
GHF, Gold Hill; JRF, Jack Ranch; SAF, San Andreas; SWFZ, Southwest Fracture
Zone; TMT, Table Mountain thrust. Map is oriented with respect to the San
Andreas fault, centered at the 1966 epicenter: y-axis is distance in kilometers
northwest from the 1966 epicenter; x -axis is distance in kilometers northeast from
the 1966 epicenter. After Foxall, 1992.
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Figure 2. Map showing the Parkfield study area. Included are the seismographic
stations of the borehole network (open triangles); microearthquake locations
February 1987 - December 1992 (small dots); the 1966 M6 epicenter (open square
over MMN, Middle Mountain); October 1992 M4.7 cluster (large solid dots); and
the M4.7 October 20, 1992 mainshock (large open circle). Map is oriented with
respect to the San Andreas fault, centered at the 1966 epicenter: y-axis is distance
in kilometers northwest from the 1966 epicenter; x -axis is distance in kilometers
northeast from the 1966 epicenter.
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Figure 3. Strip maps of annual seismicity for the years 1987-1992. The 1966
epicenter (symbol x) and the town of Parkfield (open square) are shown. Maps
are oriented with respect to the San Andreas fault, centered at the 1966 epicenter:
y-axis is distance in kilometers northwest from the 1966 epicenter; x -axis is dis-

tance in kilometers northeast from the 1966 epicenter.
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indicated by the orientation of the arrows just outside the map borders.
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Model 1. Earthquake clusters occur in weak (saturated and overpressured) patches
and the surrounding fault zone is strong (relatively dry).

Implications:
1. outward propagation with time of the earthquakes of a cluster
2. hydrofracturing

Along-fault cross-section:

% ™~ background
fault area is
relatively dry

@
LR

cluster patches
are

saturated and
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Model 2. Earthquake clusters occur in strong (relatively dry) patches and
and the surrounding fault zone is weak (saturated and overpressured).

Implications:
1. inward propagation with time of the earthquakes of a cluster
2. conventional shear mechanisms
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Figure 5. Models of fluid involvement in clusters; fluid-dominated (high pore
pressure) mechanisms only (see text).
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Figure 6. Spatial and temporal evolution of the earthquakes of a cluster which
initiates with the M4.7 mainshock of October 1992 and spans a duration of
approximately 8 days. Plots are y versus time, x versus time, and z versus time,
where y is distance in kilometers northwest of the 1966 epicenter, x is distance in
kilometers northeast of the 1966 epicenter, and z is depth. See text for discussion.
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Figure 7. Spatial and temporal evolution of the last aftershocks in the October
1992 cluster shown in Figure 1. Plots are y versus time, x versus time, and z
versus time, where y is distance in kilometers northwest of the 1966 epicenter, x
is distance in kilometers northeast of the 1966 epicenter, and z is depth. Focal
mechanism is for the MI1.5 initiating event of the tight cluster starting at
t = 92.8204, from the U.S. Geological Survey’s catalog. See text for discussion.
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Figure 8. Spatial and temporal evolution of a cluster that occurred in 1987. Plots
are y versus time, x versus time, and z versus time, where y is distance in kilom-
eters northwest of the 1966 epicenter, x is distance in kilometers northeast of the
1966 epicenter, and z is depth. See text for discussion.
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Figure 9. Spatial and temporal evolution of cluster that occurred during the
October 1992 M4.7 sequence (see Figure 6) but farther northwest and at a shal-
lower depth. Plots are y versus time, x versus time, and z versus time, where y
is distance in kilometers northwest of the 1966 epicenter, x is distance in kilome-
ters northeast of the 1966 epicenter, and z is depth. See text for discussion.
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Figure 10. Spatial and temporal evolution of cluster that occurred in 1990 within
a few kilometers of the October 1992 M4.7 sequence two years later (see Figure
6). Plots are y versus time, x versus time, and z versus time, where y is distance
in kilometers northwest of the 1966 epicenter, x is distance in kilometers northeast
of the 1966 epicenter, and z is depth. See text for discussion.
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Figure 11. Spatial and temporal evolution of a cluster that occurred in 1990.
Plots are y versus time, x versus time, and z versus time, where y is distance in
kilometers northwest of the 1966 epicenter, x is distance in kilometers northeast of
the 1966 epicenter, and z is depth. Focal mechanism (lower hemisphere) is for
the M2.2 initiating event, from the U.S. Geological Survey’s catalog. See text for
discussion.
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Figure 12. Analogy between the en echelon epicentral lineations characteristic of
some Parkfield clusters (top) and coupled shear and tensile crack models (lower),
including wing cracks (left and center; from Segall and Pollard, 1983) and an
array of tension gashes (right; from Ramsay, 1967). The cluster shown is the
same as shown in Figure 4a. In the map view of the cluster, the orientation of the
San Andreas fault is parallel to the y-axis as are the shear cracks in the models
below; the en echelon epicentral lineations are generally parallel to the wing
cracks and tension gashes.
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azimuth for a clustered event (left) and a non-clustered event (right). Lines
joining diamonds connect the observed ratios at each site; standard errors are
indicated. Also plotted are the calculated values of the S/P ratio for a shear
source (open squares) and for two tensional sources (solid triangles). The
expected shear source values are calculated using the catalog hypocentral
locations, source incidence angles, epicenter-to-station azimuths, and the
planes whose orientations agree with a pure-strike-slip source on the San
Andreas fault (using its local azimuth of N45W), including its auxiliary
plane. The double-couple gives a single calculated value at each azimuth.
The predicted tensile values (solid triangles) are calculated for the correct
orientation of a wing crack relative to its associated shear plane (70 degrees
rotated from the slip vector clockwise or anticlockwise for right- or left-
lateral slip). There are two sets of calculated tensile values because we have
used the orientations of both the San Andreas fault and its auxiliary plane as
the associated shear plane, which give different orientations of wing cracks.
The ratios observed for the cluster event suggest a significant component of
non-double-couple motion, while those observed for the non-clustered earth-
quake agree well with those predicted for a shear event on the San Andreas
fault.
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Triggered Earthquakes and Deep Well Activities!

CRAIG NICHOLSON?2 AND ROBERT L. WESSON3

2Institute for Crustal Studies, University of California, Santa Barbara, California 93106-1100
3U.S. Geological Survey, MS905 National Center, Reston, Virginia 22092

ABSTRACT: Earthquakes can be triggered by any significant perturbation of the hydrologic
regime. In areas where potentially active faults are already close to failure, the increased pore
pressure resulting from fluid injection, or, alternatively, the massive extraction of fluid or gas, can
induce sufficient stress and/or strain changes that, with time, can lead to sudden catastrophic failure
in a major earthquake. Injection-induced earthquakes typically result from the reduction in
frictional strength along pre-existing, nearby faults caused by the increased formation fluid
pressure. Earthquakes associated with production appear to respond to more complex mechanisms
of subsidence, crustal unloading, and poroelastic changes in response to applied strains induced by
the massive withdrawal of subsurface material. As each of these different types of triggered events
can occur up to several years after well activities have begun (or even several years after all well
activities have stopped), this suggests that the actual triggering process may be a very complex
combination of effects, particularly if both fluid extraction and injection have taken place locally.
To date, more than thirty cases of earthquakes triggered by well activities can be documented
throughout the United States and Canada. Based on these case histories, it is evident that, owing
to preexisting stress conditions in the upper crust, certain areas tend to have higher probabilities of
exhibiting such induced seismicity.

INTRODUCTION

The phenomena of earthquakes triggered by deep well activities is certainly not new or unusual.
Richter [1958] discusses the effects of shallow "slump earthquakes" within the Wilmington oil
field, California, near the Los Angeles harbor in the years 1947, 1949, 1951 and 1955. Although
he did not specifically correlate the earthquakes to the extensive ground subsidence caused by the
massive withdrawal of oil and gas from the field, he did note their spatial coincidence, and
mentioned a series of similar triggered "slump earthquakes" in the Po Valley, Italy, attributed by
Caloi et al. [1956] to the commercial extraction of methane gas. In the 1920's, a series of "slight
earthquakes" was felt near the Goose Creek oil field in south Texas, where oil production there had
caused the field to subside by as much as 1 m between 1917 and 1925 [Pratt and Johnson, 1926;
Segall, 1989]. Similarly, the injection of fluid at relatively high pressures can also induced
adjacent seismicity, if the area is already close to failure. Most of these cases of seismicity related
to fluid injection are associated with either water-flood operations to enhance the secondary
recovery of hydrocarbons, or with the commercial stimulation (i.e., hydraulic fracturing) of the
well to increase fracture permeabilities [Nicholson and Wesson, 1990]. There are, however, a few
specific cases in which waste disposal by fluid injection has also induced adjacent seismicity,
including the largest and probably the best known earthquake to have been triggered by fluid
injection—a magnitude 5.5 earthquake near Denver, Colorado in 1967 [e.g., Healy et al., 1968].

In this paper, we survey a number of possible induced earthquakes related to adjacent deep well
operations. Figure 1 shows locations within the United States and southern Canada where
significant earthquakes have known to occur in close proximity to active well sites. In many cases,
the only available evidence is simply a coincidence in space and time between specific earthquakes
and known or inferred well activities. Few of these examples are well documented because of
potential liability concerns of the respective well operators. We thus expect that many cases of
possible induced deformation largely go unreported, either because the induced earthquakes are
small (or the deformation is aseismic [Davis and Pennington, 1989]), or the well activities are not
generally publicized.

1 Reprinted from Special Issue on Induced Seismicity, A. McGarr, ed., PAGEOPH, 139, n. 3-4, 1992.
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CASE HISTORIES

Earthquakes related to well activities typically fall into two major classifications. Those that are
largely related to fluid injection and the resulting increased pore fluid pressure this may cause [e.g.,
Healy et al., 1968; Raleigh et al., 1976], or those that appear to have occurred in areas that have
experience massive withdrawals of subsurface fluid or gas [e.g., Kovach, 1974; Yerkes and
Castle, 1976; Pennington et al., 1986; Wetmiller, 1986; Segall, 1989; Doser et al., 1991; McGarr,
1991]. Table 1 lists a number of well sites that may have triggered adjacent seismicity. Detailed
summaries of many of these case histories can be found in Nicholson and Wesson [1990].

Although we make a distinction between earthquakes associated with fluid injection versus
earthquakes associated with fluid (or gas) withdrawal, in many cases where documentation exists,
both deep well activities (extraction and injection) have taken place locally (Table 1). The
exceptions tend to be either waste disposal, geothermal or stimulation operations (for fluid
injection), or cases in which oil or gas production clearly predominate (for fluid extraction).
Almost all other cases of earthquakes related to deep well activities seem to occur in areas where
prior production decreased local formation pore pressure sufficiently to necessitate the initiation of
secondary recovery operations. In such cases, the determination of the actual earthquake trigger
process, or the mechanism of strain localization that lead to failure, is a much more difficult
procedure. The fact that injection operations have taken place locally may be only incidental to the
crustal readjustments or poroelastic strain changes that were triggered in response to the massive
withdrawal of subsurface material [e.g., Segall, 1989]. Here we attempt to present case histories
that are sufficiently distinct that some understanding of the dominant physical mechanism of the
earthquake trigger process can be recognized.

Overview of earthquakes induced by deep well fluid injection

Documented examples of seismic activity induced by fluid injection include earthquakes
triggered by waste injection near Denver [Healy et al., 1968] and in south-central Arkansas [Cox,
1991]; by secondary recovery of oil in Colorado [Raleigh et al., 1972], southern Nebraska [Rothe
and Lui, 1983], West Texas [Harding, 1981; Davis, 1985; Davis and Pennington, 1989], western
Alberta [Milne and Berry, 1976], and southwestern Ontario [Mereu et al., 1986]; by solution
mining for salt in western New York [Fletcher and Sykes, 1977]; and by fluid stimulation to
enhance geothermal energy extraction in New Mexico [Pearson, 1981]. In one specific case near
Rangely, Colorado [Raleigh et al., 1976], an experiment to control directly the behavior of large
numbers of small earthquakes by manipulation of the fluid injection pressure was conducted
successfully. Other cases of triggered seismicity, which were the result of either fluid injection or
reservoir impoundment, were reviewed and discussed by Simpson [1986].

Of the well-documented cases of earthquakes related to fluid injection, most are associated with
water-flood operations for the purpose of secondary recovery of hydrocarbons. This is because
secondary recovery operations often entail large arrays of wells injecting fluids at high pressures
into small confined reservoirs that have low permeabilities. Often, the producing field is a
structural trap that may be defined by fault-controlled boundaries. In contrast, waste-disposal
wells typically inject at lower pressures into large porous aquifers with high permeabilities that are
away from known fault structures. This explains, in large part, why, of the many hazardous and
nonhazardous waste-disposal wells in the United States, only three have ever been conclusively
shown to be associated with triggering significant adjacent seismicity. These are wells located near
Ashtabula, Ohio, El Dorado, Arkansas, and Denver, Colorado.

In the case near Ashtabula, a series of small shallow earthquakes was triggered close to the
bottom of a 1.8-km deep well (RS#1, Figure 2); the largest of these was a magnitude 3.6
earthquake that occurred in 1987 [Armbruster et al., 1987]. The injection well had been in
operation only since 1986, and typically operated at injection pressures of about 100 bars.
Investigations of earlier earthquake activity in adjacent Lake County (Figure 2, top), indicated that
injection pressures of 100 bars was more than sufficient to cause failure along favorably-oriented
faults with frictional coefficients of 0.6 and cohesive strengths of 40 bars [Nicholson et al., 1988].
As a result, waste disposal wells located near Perry, Ohio (CH#1 and CH#2, Figure 2, top),
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Table 1. Possible and probable induced earthquakes in Canada and the United States associated with well operations.

Well site or Type of well operation BHP* Year production ABHP? Yearinjection Max Year of

field location (bar) began—endedt  (bar) began-ended M; quakes
Apollo-Hendrick, TX production/second. recov. ? 1926- ? 1973- 2.0 1978-79
Ashtabula, OH waste disposal 191 N/A +100 1986- 3.6 1987
Attica, NY?? solution salt mining 40?7 1880's- +50? 1880's- 5.2 1929-67
Beowawe, NV acid treatment/stimulation ~ ? ? +100 1983 <1 1983
Coalinga, CA?? oil production 230 1905- -120 1952, 1961 6.5 1983-85
Cane Creek, SE Utah  solution potash mining ? 1964- ? 1970- ~3.0 1980-84
Catoosa, OK gas withdrawal? ? 1941- ? ? 4.7 1956-60
Chaveroo field, NM secondary recovery ? 19677- ? 1992- ? 1992-
Cleveland, OH? solution salt mining ? 1889- ? 1889- 3.0? 1898-07
Cogdell field, TX secondary recovery 215 1949- -136, +217 1953, 1956- 4.6 1974-79
Cold Lake, Alberta  second.recov./waste displ.  ? ? ? ? ~2.0 1984-
Dale, NY solution salt mining 43 ? +55 197172- 1.0 1971
Denver (RMA), CO waste disposal 269 N/A +72 1962-1966 5.5 1962-67
Dollarhide, TX-NM secondary recovery 228 1945-,1949- -165, +135 1959- 3.5 19797
Dora Roberts, TX secondary recovery 324 1955- -48, +431 1961- 3.0 1964-
East Durant, OK gas withdrawal ? 1958- ? ? 3.5 1968
East Texas, TX production/second. recov. 70 1930- -103, +83 1942- 43 1957
El Dorado, AR waste disposal 2307 early-1920's- +60 1970-, 1983- 3.0 1983-91
El Reno, OK?? oil/gas withdrawal? ? 1910's- ? ? 5.2 1918-79
Fenton Hill, NM geothermal/stimulation 265 N/A +200 1979 <1.0 1979
Fashing field, TX gas withdrawal 352 1958- -281 N/A 3.4 1973-83
The Geysers, CA geothermal 35 1966- -18 1966- 4.0 1975-
Gobles field, Ontario secondary recovery 45 1960- ? 1969- 2.8 1979-84
Goose Creek, TX oil production ? 1917-1925 ? ? 7 1920's
Hunt field, MS? secondary recovery? ? ? ? ? 3.6 1976-78
Imogene field, TX oil production 246 1944- -100 N/A 3.9 1973-83
Inglewood field, CA? production/second. recov. 48? 1924- -39, >+100 1954, 1957- 3.7 19627-
Kettleman Hills, CA? oil production 325 1928-, 1930- ? 1967- 6.1 1985
Kermit field, TX secondary recovery 198 1950- -185, +221 1958-, 1964- 4.4  1964-
Keystone I&II, TX secondary recovery 204 1930-, 1943- -100, +176 1962-, 1964- 3.5 19647-
Lake Charles, LA? waste disposal? ? ? 493 ? 3.8 1983-
Lambert field, TX secondary recovery 145 1979- -15, +21 1979- 3.4 1983-84
Love Co., OK second. recov./stimulation  ? 1953- -2, 4277 1965-,1978- 2.87 1977-79
Monahans, TX secondary recovery 131 1961- -185, +207 1965- 3.0 1965-
Montebello, CA?? oil production 7 1917-, 1938- ? 1953- 59 1987
Orcutt field, CA stimulation/oil production ~ ? 1901-, 1905- -7, +183 1951-,1991 3.5 1991
Panhandle, TX oil production ? 1910's- ? ? 5.1 1925-66
Paradise Valley, CO brine disposal ? N/A ? late-1991 0.8 late1991
Perry, OH waste disposal 200 N/A +114 1975- 2.7 1983-87
Pleasant Bayou, TX brine injection/geothermal  ? 1962 ? 1962, 65, 70 <1.5 1978-80
Rangely, CO second. recovery/research 170 1945- -7, +120 1957- 3.1 1962-75
Richland Co., IL?? oil production ? ? ? 19527- 49 1987
Salton Sea, CA geothermal ? 1980's- ? 1988 <2.0 1987-88
Sleepy Hollow, NE secondary recovery 115 ? -2, +56 1966- 2.9 1977-84
Snipe Lake, Alberta secondary recovery ? 1954- ? 1963- 51 1970
Strachan, Alberta gas withdrawal 500? 1973- -250 N/A 4.0 1974-
Tomahawk field, NM brine disposal ? 19727- ? ? ? ?
Ward-Estes, TX secondary recovery 103 ? -7, +117 1961- 3.5 1964?-
Ward-South, TX secondary recovery 76 ? -7, +138 1960- 3.0 19647-
War-Wink, TX gas withdrawal 800+ 1965- ? 1967-, 1969- 3.0 1975-79
Wilmington, CA oil production 7 1932-,1937- ? 1953- 5.1 1947-61

* BHP - Bottom Hole Pressure — initial formation fluid pressure (in bars) at time of production or injection.

1 ABHP — change in Bottom Hole Pressure relative to initial formation fluid pressure — maximum increase (+) or
decrease (-) (in bars) during either injection (+) or extraction (-) operations.

$ Multiple start years indicate dates when significate new production (or injection) began.

75



ASHTABULA

LAKE ERIE

41°50" -

| S —

M3.6 1987

ASHTABULA

s O 0 0 Xx

5§§$$§

MAGNITUDE

.
u]
0
=

T
80°50

-1.0¢

0.0+
1.0+
20+
3.0+

4.0+

6.0+

DEPTH (o)

[}

DISTANCE (um)

Figure 2. (top) Location of the 1987 induced earthquake sequence in northeastern Ohio near
Ashtabula relative to earlier earthquakes (1943-1986) in Lake County. Striped areas are regions of
dense population. Triangles are waste disposal wells; PNPP is the Perry Nuclear Power Plant (see
Nicholson et al. [1988] for more details). (bottom) Map and cross section of the 1987 Ashtabula
earthquake hypocenters relative to the location of a nearby active, high-pressure, waste-disposal
injection well (Triangle, RS#1). Ashtabula earthquake data provided courtesy of John Armbruster.
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apparently triggered several small earthquakes at distances less than 5 km. These wells operated at
injection pressures of 100 bars or more. Other earthquakes located at greater distances (that
included a magnitude 5.0 event in 1986) could not be sufficiently distinguished from natural
background seismicity (such as the 1943 event) that their occurrence could be considered induced
(Figure 2, top)[Nicholson et al., 1988]; although earthquakes in southwestern Ontario [Mereu et
al., 1986] and western New York [Fletcher and Sykes, 1977] have been associated with similar
adjacent deep well activities (Figure 1).

Near El Dorado, the disposal of waste brine under pressure, triggered a series of small
earthquakes that have continued to the present; the largest of which was a magnitude 3.0 event in
1983. Although oil production had occurred in the area since the early 1920's and disposal of
waste brine had begun in the 1970's, no earthquake activity was reported until 1983, shortly after
large-volume injection activities began at relatively high pressures [Cox, 1991]. Since 1983, a
strong correlation between rates of seismicity and sudden increases in injection volumes was also
observed.

In the most prominent case of induced seismicity by fluid injection, the injection well responsible
was located at the Rocky Mountain Arsenal near Denver, where fluid was being injected into
relatively impermeable crystalline basement rock. This caused the largest known injection-induced
earthquakes to date (three earthquakes between magnitude 5 and 5.5), the largest of which caused
an estimated $0.5 million in damages in 1967. Although these induced earthquakes were by no
means devastating, they did occasion extensive attention and concern and led, at least in the Denver
case, to the cessation of all related injection well operations.

The Rocky Mountain Arsenal case is thus considered to be the classic example of earthquakes
induced by deep well injection. Before this episode, the seismic hazard associated with deep well
injection had not been fully appreciated. At the Rocky Mountain Arsenal, injection into the 3,700-
m-deep disposal well began in 1962 and was quickly followed by a series of small earthquakes,
many of which were felt in the greater Denver area (Figure 3). It was not until 1966, however,
that a correlation was noticed between the frequency of earthquakes and the volume of fluid
injected (Figure 4) [Evans, 1966]. Pumping ceased in late 1966 specifically because of the
possible hazard associated with the induced earthquakes; after which, earthquakes near the bottom
of the well stopped. Over the next 2 years, however, earthquakes continued to occur up to 6 km
away from the well as the anomalous pressure front, which had been established around the well
during injection, continued to migrate outward from the injection point (Figure 3). The largest
earthquakes in the sequence (with magnitudes between 5.0 and 5.5) occurred in 1967, long after
injection had stopped and well away from the point of fluid injection itself.

These results imply that the fluid pressure effects from injection operations can extend well
beyond the expected range of actual fluid migration. Indications have shown, however, that the
risk posed by such triggered earthquakes can be mitigated by careful control of the activity
responsible for the induced seismicity. As shown by a number of cases [Nicholson and Wesson,
1990], seismicity eventually can be stopped either by ceasing the injection or by lowering pumping
pressures. The occurrence of the largest earthquakes involved in the Rocky Mountain Arsenal case
a year after all pumping had ceased, however, indicates that the process, once started, may not be
controlled completely or easily.

In each of the well-documented examples of earthquakes associated with deep injection wells,
convincing arguments that the earthquakes were induced relied upon three principal characteristics
of the earthquake activity. First, there was a very close geographic association between the zone of
fluid injection and the locations of the earthquakes in the resulting sequence. Second, calculations
based on the measured or the inferred state of stress in the Earth's crust and the measured injection
pressure indicated that the theoretical threshold for frictional sliding along favorably oriented
preexisting fractures likely was exceeded. And, third, a clear disparity was established between
any previous natural seismicity and the subsequent earthquakes, with the induced seismicity often
characterized by large numbers of small earthquakes at relatively shallow depths that persisted for
as long as elevated pore pressures in the hypocentral region continued to exist.

Many of the sites where injection-induced earthquakes have occurred operate at injection
pressures above 100 bars ambient (Table 1). The exceptions tend to be sites characterized by a
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close proximity to recognized surface or subsurface faults. In the Rangely and the Sleepy Hollow
Oil Field cases, faults are located within the pressurized reservoir and were identified on the basis
of subsurface structure contours. At Attica and Dale, New York, the earthquakes occurred close to
a prominent fault zone exposed at the surface (the Clarendon-Linden fault system). At the Rocky
Mountain Arsenal well, fluid was inadvertently injected directly into a major subsurface fault
structure, which was identified later only on the basis of the subsequent induced seismicity [Healy
et al., 1968] and the properties of the reservoir into which fluid was being injected, as reflected in
the pressure-time record [Hsieh and Bredehoeft, 1981].

Overview of earthquakes related to massive fluid or gas extraction

Triggered earthquakes that spatially correlate with areas of massive fluid (or gas) withdrawal
often fall into two distinct categories: (1) shallow induced earthquakes—within or near the
producing formation—that typically exhibit normal or reverse faulting focal mechanisms and may
be associated with the rapid subsidence and poroelastic strain changes resulting from the large
volumes of material extracted [Kovach, 1974; Yerkes and Castle, 1976, Wetmiller, 1986; Segall,
1989; Doser et al., 1991]; or (2) deep induced earthquakes—which may occur near the base of the
seismogenic zone—that often exhibit thrust mechanisms and may be related to stress and/or strain
changes associated with unloading effects caused by the large amounts of material locally removed
from an area experiencing crustal convergence [e.g., Simpson and Leith, 1985; McGarr, 1991].
These latter induced events can be much larger in magnitude and can be much more difficult to
distinguish than the shallow induced earthquakes, as the shallow seismicity is much more likely to
exhibit temporal variations that correlate with specific activities at the adjacent producing wells.

One of the best examples of shallow induced earthquakes related to fluid withdrawal occurred
near Los Angeles, California (Figure 5). The massive withdrawal of oil from one of the largest
fields in the basin, the Wilmington oil field, resulted in significant subsidence within the city limits
of Long Beach (Figure 6, top). Up to 8.8 m of surface subsidence was observed over an
elliptically-shaped area between 1928 and 1970. This rapid subsidence, which reached a
maximum rate of 71 cm/yr in 1951, 9 months after peak oil production, resulted in several
damaging earthquakes, specifically in the years 1947, 1949, 1951, 1954, 1955, and 1961 (Figure
6, bottom) [Kovach, 1974]. In most cases, the earthquakes were unusually shallow and generated
high intensities for their size. The largest earthquake occurred in 1949, and caused nearly 200
wells to go off production, many of them permanently [Richter, 1958]. Damage was estimated to
be in excess of $9 million. The area affected equaled over 5.7 km?2 and involved measured
displacements of 20 cm. This would correspond to an earthquake of moment magnitude 4.7, and
is consistent with a magnitude of 5.1 estimated from the unusually well developed surface waves
generated by the event [Kovach, 1974].

Segall [1989] presents a model that explains the local subsidence and the occurrence of shallow
thrust faulting above and below the producing horizon as a result of poroelastic effects in response
to reservoir compaction. The massive fluid extraction causes the reservoir rock to contract. This
in turn induces the strata above and below the reservoir to be driven into local compression. Areas
farther away from the reservoir are displaced less than the rock immediately above and below the
reservoir—which causes flanking regions to extend and may result in normal faulting near the
edges of the producing area [Segall, 1989]. Oil production from the Inglewood field (Figure 5)
within the Los Angeles basin produced near-surface extensional creep events near the edge of the
field starting in 1952 [Hamilton and Meehan, 1971]. Water-flood operations that began in 1954
apparently accelerated this normal faulting, produced increased shallow seismicity starting in 1962,
and eventually lead to the failure of the Baldwin Hills water storage facility in 1963 that killed 5
people and caused $12 million damage.

In contrast, the earthquakes in the Wilmington oil field were apparently generated by low-angle
reverse slip on bedding planes at depths of 470 to 520 m, while virtually all the compaction that
caused the surface subsidence was localized in the producing beds at depths of 650 to 1050 m
[Kovach, 1974; Allen and Mayuga, 1970; Segall, 1989]. Water flooding of the Wilmington field
and adjacent areas was initiated in 1954 in an attempt to halt subsidence and to enhance the
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Figure 6. (top) Observed subsidence in feet for the year 1958 within the Wilmington oil field,
California; data courtesy of the City of Long Beach. (bottom) Subsidence rate in the center of the
Wilmington oil field compared with oil production and water injection rates. Arrows are dates of
major damaging earthquakes. Reprinted with permission from Kovach [1974].
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secondary recovery of oil. Teng et al. [1973] reported on the seismic activity associated with
fourteen oil fields operating within the Los Angeles Basin where water-flood operations were
taking place. Although much of the seismicity in the area is natural and occurs predominantly at
depths as deep as 16 km along the Newport-Inglewood fault, seismic activity during 1971
appeared to correlate, at least in part, with injection volumes from nearby wells [Teng et al., 1973].
However, many of the earthquakes detected were small (less than magnitude 3.0) and occurred at
depths of 5 km or more, which made it difficult to distinguish them from the natural background
seismicity. Subsequent injection operations have since stabilized to the point where fluid injection
nearly equals fluid withdrawal and little, if any, seismic activity can be directly attributable to
injection well operations.

Similar shallow induced earthquake activity has been associated with the withdrawal of natural
oil and gas from several fields in Texas, including the Goose Creek, Fashing, Imogene and War-
Wink fields [e.g., Pratt and Johnson, 1926; Pennington et al., 1986; Doser et al., 1991]. No
significant injection operations had taken place in these areas, so much of the induced earthquake
activity was inferred to be related to local subsidence and compaction caused by production
[Segall, 1989]. The earthquakes associated with the Goose Creek field in south Texas occurred on
normal faults that broke the surface along the northern and southern margins of the subsiding
region [Pratt and Johnson, 1926]. Detailed analysis of the seismicity near the War-Wink field
[Doser et al., 1991] confirmed that many of the earthquakes were localized above and below
producing horizons, and that many events exhibited normal and reverse focal mechanisms.
However, not all the earthquake activity could be explained so easily or simply. Some of the
earthquakes occurred at depths greater than 4 km. Poroelastic effects associated with reservoir
compaction are limited to the shallow crust near the producing horizon [Segall, 1989]. The deep
crustal earthquakes associated with areas of massive fluid extraction thus require further
explanation. Possible mechanisms proposed to account for various aspects of the observed
seismicity near the War-Wink field include: (1) the natural occurrence of deep (>4 km) crustal
earthquakes along preexisting faults in response to the existing regional stress field, (2) strain
localization in naturally over-pressured zones resulting from production, or (3) shallow
earthquakes resulting from compaction or the upward migration of high fluid pressures [Doser et
al., 1991].

The possible correlation between very deep (>10 km) earthquake activity and the massive
extraction of fluid or gas from the shallow crust is much more ambiguous [McGarr, 1991]. In
such cases, the triggering mechanism is thought to be related to the isostatic imbalance caused by
the net extraction of fluid or gas from the upper crust. As the ductile lower crust will deform in
response to this imbalance, this readjustment will increase the applied load in the upper
seismogenic layer, which may then fail seismically so as to restore local static equilibrium. If the
upper crust has been already folded and faulted in response to applied horizontal tectonic
compression, the stress and strain readjustments associated with restoring the isostatic imbalance
will be concentrated on these preexisting structures. Thus, earthquakes near the base of the upper
crust may be an expected outcome of major oil or gas production from growing anticlines—
irrespective of the depths of the producing formation [McGarr, 1991].

Possible candidates for this particular type of triggered deep seismicity include the 1983 My, 6.5
Coalinga earthquake beneath the Coalinga oil field, the 1985 My, 6.1 Kettleman Hills earthquake
beneath the Kettleman North Dome oil field, and the 1987 My, 5.9 Whittier Narrows earthquake
beneath the Montebello oil field (Table 1). In each case, a mechanical connection is suggested
between oil production and the earthquakes because—in each case—the total seismic deformation
(moment) released during these earthquake sequences is nearly equal to that required to offset the
force imbalance caused by the oil production [McGarr, 1991]. In addition, all three events
exhibited nearly pure reverse motion on low-angle faults that core active folds responsible for
originally trapping the oil.

An alternate explanation for this deep seismicity may be related to possible naturally occurring
fluids in the deep crust. If, for example, preexisting high fluid pressures (approaching lithostatic)
exist in the mid-to-lower crust, then the massive withdrawal of near-surface material may induce
sufficient changes in the local hydrogeologic regime that significant migration of fluids at depth is
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initiated. Thus, crustal unloading as a result of production may create pressure differentials that
cause a preferential migration of deep fluids towards the producing area. The enhanced saturated
condition beneath the producing area may then lend itself to increased strain localization, and to
cyclic pressure variations, hydrothermal sealing, permeability reduction, and fault-valve behavior
proposed by Sibson [1992] for earthquake rupture nucleation and recurrence, particularly in
compressional tectonic regimes on faults that are otherwise unfavorably oriented for reactivation in
the prevailing stress field. In either case, the crustal response to existing stress and/or strain
regimes is thereby affected by production, and earthquakes may be preferentially localized beneath
the producing region.

Previously, the major difficulty in recognizing the possible correlation between these events and
oil production is that, in each case, the earthquakes occur at depths greater than 10 km, and
considerable delays are observed between peak production and the earthquake occurrence. Peak
production at Coalinga occurred in 1912; at Kettleman Hills, peak production occurred in the years
1936, 1941, 1948, 1957 and 1964 for separate sub-fields; and at Montebello, peak production
occurred in 1939. It is thus hard to imagine how changes in stress related to production could have
significant effects at such large distances and long time intervals. However, the apparent triggering
of earthquakes at depths greater than 15 km beneath Lake Nasser 19 years after impoundment
began behind the Aswan High Dam, Egypt [Simpson et al., 1982], strongly suggests that such
long-range interactions between the upper and lower crust do occur.

If such earthquakes are indeed considered to be triggered events, then several other earthquakes
within the conterminous United States may also represent potentially induced sequences. These
include: historical earthquakes near Attica, New York, in 1929, 1966 and 1967, that may be
related to local solution salt mining; the extensive earthquake activity near El Reno, Oklahoma
(including the 1952 My, 5.5 event), that may be related to local oil and gas production; and the 1987
My 4.9 earthquake in southeastern Illinois that occurred adjacent to Lawrence County, one of the
most productive oil regions of the State. Even the occurrence of the major damaging 1933 My, 6.3
Long Beach, California, earthquake may have been related to production in the adjacent
Wilmington and Huntington Beach oil fields. The important point is that, in each of these cases,
the earthquakes represent some of the largest events ever to have occurred in any of these given
areas, and so represent a significant local seismic hazard. However, unlike many of the proposed,
deep potentially-induced earthquakes in California [McGarr, 1991], these earthquakes typically
exhibit focal mechanisms with a larger components of strike-slip motion, suggesting that faulting
in these areas tends to occur as oblique-slip on faults at depth with steeper dips and so the spatial
correlation with specific active folds may not be apparent.

DISCUSSION AND CONCLUSIONS

Based on the case histories examined so far, it is evident that, owing to existing stress conditions
in the upper crust, certain areas tend to have a relatively high probability of exhibiting seismicity
related to fluid injection. In these areas, it appears that elevating formation fluid pressures by only
a few megapascals (tens of bars) can trigger increased shallow seismicity. One such area prone to
injection-induced seismicity is the Great Lakes region of the Appalachian Plateau, where fluid
injection operations (at pressures ranging from 60 to 100 bars) have already triggered earthquakes
in northeastern Ohio, western New York and southwestern Ontario (Figures 1 and 2). In most
cases, the fluid-injection and the triggered earthquakes are below a regional salt layer (the Silurian
Salina Formation) that acts to mechanically decouple the shallow crust (where earthquake
triggering is apparently less likely) from a more critical stress state at depth [Evans, 1988]. Other
cases of injection-induced seismicity that have occurred in Colorado (Rangely), Texas, Nebraska,
Oklahoma, Arkansas, and possibly Mississippi, Louisiana and Alberta, typically involve higher
injection pressures, larger volumes of injected fluid, or multiple injection wells.

The recognition that both fluid injection and the massive extraction of oil and gas may potentially
trigger adjacent large earthquakes makes evaluating the seismic hazard from deep well operations
much more complicated. As each of these different types of triggered events can occur up to
several years after well activities have begun (or even several years after all well activities have
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stopped), this suggests that the actual triggering process may be a very complex combination of
effects, particularly if both fluid extraction and injection have taken place locally. In particular, it
may be that, in such cases, it is the fact that both extraction and injection have taken place that is the
major critical observation: extraction to localize strain, and injection to enhance inhomogeneities in
pore fluid pressure and reduce the effective friction strength of preexisting faults [Davis and
Pennington, 1989]. However, the important point is that models for triggered seismicity which
involve local perturbations of the fluid pressure regime, or stress and strain localization resulting
from massive fluid or gas withdrawal, may thus help to explain what is otherwise a rather
perplexing and unusual inhomogeneous distribution of earthquakes in the central and eastern
United States—an intraplate region that exhibits all the properties of fairly homogeneous tectonic
environment.

Because many events induced by fluid injection are relatively shallow and may occur in close
proximity to the wellbore, they pose an additional risk to both the well site and the local
surrounding community. In the case of hazardous-waste disposal, there is also the potential
seismic risk to the integrity of the confining layer, which if ruptured may permit the upward
migration of hazardous fluid and the local contamination of potable water supplies. Because of this
added risk, criteria have been established to assist in regulating well operations so as to minimize
the potential for earthquake triggering by deep-well fluid injection [Nicholson and Wesson, 1990].
Important considerations include analyses of the hydrologic properties of the reservoir, the existing
state of stress, and proximity to known or inferred fault structures. This information can then be
used to help set guidelines for estimating maximum allowable injection pressures for waste
disposal.
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The M = 7.3 Landers, California, earthquake of 28 June 1992 triggered an abrupt
increase in seismicity at widely scattered sites across much of the western United
States (Hill and others, 1993). Most of the sites of triggered seismicity were located
north-northwest of the Landers epicenter (the direction of rupture propagation) along
the eastern California shear zone (the Sierra Nevada-Great Basin boundary zone
SNGBZ) and its extension into the southern-most Cascade volcanoes, Lassen Peak and
Mount Shasta. Outlying sites of triggered activity include the Geysers geothermal area
in the Coast Ranges of northern California, an area near Cedar City Utah along the
Hurricane fault zone, an area along the western margin of the Idaho batholith near
Cascade, Idaho, and a site in Yellowstone National Park (this was the most distant
site of recognized triggered seismicity at 1250 km or 17 source dimensions from the
Landers epicenter). The remotely triggered seismicity was confined to areas character-
ized by persistent seismicity and strike-slip to normal faulting (a horizontal least prin-
cipal stress). Many of the remotely triggered sites are areas of geothermal and recent
volcanic activity. Linear elasticity theory applied to laterally homogeneous earth
models fails to provide an explanation for the triggering of such remote seismicity. We
must thus look to possible non-linear interactions of the static and dynamic elastic
fields with local crustal heterogeneities to understand the triggering process. Some of
the most promising models involve interactions of the large dynamic strains radiated
from the mainshock with fluids (including possibly magma) in volumes of the crust
producing triggered seismicity.

Of the fifteen recognized sites with seismicity remotely triggered by the Landers
mainshock, only Long Valley caldera is covered by both a dense seismic network and
continuous deformation-monitoring instrumentation. We use this unique data to study
response of Long Valley caldera to the Landers earthquake for clues to the processes
driving the remotely triggered activity. We focus in particular on the spatial-temporal
evolution of the triggered seismicity and its relation to a transient strain pulse detected
by the deformation monitoring instrumentation in the caldera (Figure 1).

Long Valley caldera is just over 410 km north-northwest of the Landers
mainshock epicenter, and it is roughly midway along the eastern California shear zone.
The caldera was formed by the massive eruption of the Bishop tuff some 740,000

87



years ago. It has since been the site of recurring volcanic eruptions (the most recent
500 ago) and, through historic time, persistant earthquake activity (Bailey and Hill,
1990). Current unrest within the caldera includes recurring earthquake swarm activity
accompanied by inflation of the resurgent dome with a cumulative uplift of over 60 cm
since its onset in 1979-1980 (Langbein and others, 1993).

Figure 2 summarizes the spatial-temporal evolution of the seismicity within and
immediately south of the caldera triggered by the Landers mainshock (origin time:
1158 UT on 28 June 1992). The triggered seismicity occupies essentially the same
crustal volume as the recurring swarm activity that began in 1980. The first earth-
quakes triggered within the caldera followed the Landers S wave by approximately 40
seconds (about 3 minutes after the Landers origin time [AL]) and occurred during pas-
sage of the crustal Love and Rayleigh waves, which carried the peak dynamic stresses
(approximately 3 bars in the vicinity of Long Valley; Michael, 1992; Hill and others,
1993). This initial triggered activity was located at a depth of 6 to 8 km beneath the
southwestern margin of the resurgent dome in the same volume that has produced the
most frequent and intense swarm activity since 1980. This initial activity included a

=2.2 event 16 minutes AL and a M=2.6 event 32 minutes AL at depths of 7 and 8
km respectively. By 34 minutes AL, triggered seismicity began near the south east
margin of the resurgent dome some 6 km east of the initial activity. Effectively, much
of the southern part of the caldera became activated within half an hour of the Landers
mainshock with no evidence for a migration front from the site of initial activity. This
stands in contrast to typical swarm activity in the caldera, which tends to be concen-
trated in isolated clusters within the seismogenic zone with only one cluster active at a
time. Only the largest swarms (M > 5 events) involve activity throughout the seismo-
genic southern half of the caldera.

Over the next 17 hours, seismicity gradually became concentrated in a north-
trending band south of the eastern margin of the resurgent dome (between longitude
118 50 and 51). A M=3.7 earthquake along the southern extension of this zone 3 km
south of the caldera that occurred at 0537 UT the next day (June 29). This was the
largest event in the vicinity of the caldera during the triggered activity, and it appears
to coincide with renewed activity throughout the southern part of the caldera (secon-
dary triggering?). Activity throughout the area gradually returned to background
seismicity rates over the next week (Figure 2). A preliminary look at focal mechanisms
for the triggered seismicity indicates no significant differences from the long term
swarm activity in the caldera, which is dominated by strike-slip to normal-oblique
mechanisms and T-axes with a northeast-southwest orientation. We have more work to
do on the focal mechanism issue, however.

The largest and best located of the triggered earthquakes are located near the base
of the seismogenic crust, which varies in depth from 12 to 15 km in the Sierra Nevada
block south of the caldera to less than 6 km beneath the resurgent dome (Hill, 1992).
The depth-time plot in Figure 2 admits the possibility that the M > 1.5 triggered
seismicity migrated to shallower depths at a rate of roughly 6 km/day from its initia-
tion at depths of 6 to 8 km beneath the south moat of the caldera.

The borehole dilatometer POPA located 3 km west of the caldera (Figure 2)
recorded a compressional strain transient that began during the S wave arrival from the
Landers mainshock, grew to 0.25 microstrain over the next five days, and decayed to
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near background level over the next two to three weeks (Figure 1). A 0.2 microradian
down-to-the-east tilt transient with a similar time history was recorded by the long
base tiltmeter located near the southeastern margin of the resurgent dome. Repeated
measurements of two-color geodimeter network spanning the caldera during this time
interval detected no strain response to the Landers earthquake above the 0.2 micros-
train resolution of the measurements. These measurements indicate that the Landers
earthquake triggered a broadly distributed pressure increase beneath the caldera that
gradually decayed to background over the next several weeks. Although the available
deformation data are too sparse to resolve the areal extent of the pressure source, it is
clear that they can not be satisfied solely by pressurization of the concentrated (Mogi)
source 7 to 10 km beneath the center of the resurgent dome that satisfies most of the
resurgent dome deformation data since the onset of deformation in 1979-1980.

The close correlation between the plot of cumulative seismicity with time and the
compressional phase of the strain transient following the Landers mainshock (Figure 2)
suggests a causal link that most likely involves a transient increase in fluid pressures
within the seismogenic crust beneath the caldera that gradually decay by diffusion over
a period of a few weeks. Both observed and theoretical static strain changes from the
Landers mainshock seem too small to produce such a response (the static strain step
recorded by the POPA dilatometer was 0.003 microstrain consistent with the static
strain field predicted for the Landers dislocation in an elastic half space). The large
dynamic strains focused toward Long Valley caldera (12 microstrain recorded in the
vicinity of the caldera) and the eastern California shear zone by strong north-
northwestward directivity of the Landers source admit several plausible mechanisms
for triggering such a transient pressure increase. Two of the more interesting possibili-
ties that may apply to Long Valley caldera include:

1) Pumping mid-crustal pore fluids into the overlying seismogenic crust by the dilata-
tional component of the crustal Rayleigh waves. Water levels in wells tapping
unconfined aquifers often fluctuate greatly during the passage of Rayleigh waves
from large, distant earthquakes. Pore pressure oscillations driven by Rayleigh
waves acting on confined crustal fluids may rupture fluid seals releasing high-
pressure fluids into adjacent crustal volumes by processes similar to those
described by Byerlee (1993) for fault zones. For example, near-lithostatic pore
fluids sealed in the brittle-plastic transition zone may be driven into the overlying
seismogenic crust by this process.

2) Accelerating the exsolution of volatile components in subadjacent magma bodies
thereby increasing the pressure within the magma bodies (Sahagian and Proussev-
itch, 1992) or increasing pore pressure in the overlying rock by an increased flux
of volatiles from the magma bodies.

The observation that the triggered seismcity in Long Valley caldera began near
the base of the seismogenic crust and that most of the moment release was concen-
trated there is consistent with both possibilities.
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REVERSED-POLARITY SEISMIC REFLECTIONS ALONG FAULTS OF
THE OREGON ACCRETIONARY PRISM: INDICATORS OF FLUID
MIGRATION AND ACCUMULATION

By

J. C. Moore, G. R. Cochrane, Earth Sciences, UC Santa Cruz
Santa Cruz, CA, 95064
G. F. Moore, SOEST, University of Hawaii,
Honolulu, Hawaii, 96822

Abstract

High amplitude reversed-polarity reflections occur commonly on the frontal thrust
and in the proto-thrust zone of the Oregon accretionary prism. The highest amplitude
reversed-polarity reflections occur on the frontal thrust. The reversed-polarity reflections
on the proto-thrusts are distinct but of lower amplitude than those from the frontal thrust.

The reversed-polarity reflections could be caused by either dilation of the fault zone
or thrusting of higher over lower impedance sediment. Reversed-polarity reflections on
the proto-thrusts are probably not due to thrust inversion because the vertical displacement
of proto-thrusts averages only 27 m and the occurrence of polarity reversals is uncorrelated
to displacement magnitude. The predicted reflection coefficient due to the 27 m mean
offset of a velocity-derived impedance curve is an order of magnitude less that the
observed reflection coefficient of the proto-thrusts. Because the polarity reversals are
randomly distributed in depth throughout the proto-thrusted section it is unlikely that they
arise from a thrust inversion of any stratigraphically controlled variation in density and
veloczlti)l'. The reversed-polarity reflections from the proto-thrusts are probably due to fault
zone dilation.

The 1.5 km throw on the frontal thrust suggests a thrust inversion could produce
the observed reflections. Because the high amplitude reversed-polarity reflections lie in
bands at relatively shallow depths, they could be produced by juxtaposition of high
impedance sediments with stratigraphically controlled bands of low impedance sediments.
Thus, some reversed-polarity reflections are indicative of dilation and others might be
produced by thrusting.

Fluid dilating the proto-thrusts may be derived from a rapidly deposited turbidite
fan sequence or a subjacent overpressured abyssal plain turbidite sequence. The
detachment or "proto-decollement” at the base of the proto-thrust zone occurs in an interval
of anomalously low velocity, high porosity, and high fluid pressure; this interval may be a
fluid source zone. At the base of the proto-thrust zone, clay mineral dehydration and
hydrocarbon generation are nearing completion, which may also contribute to
overpressuring.

We believe that fluids are sourced in the overpressured sequences and migrate up
the steep proto-thrusts with a relatively rapid drop in overburden pressure with respect to
head loss. The excess fluid pressure ultimately drives the fault zone into tensile failure. If
the compressional state of stress induces failure prior to dilation, the decreased differential
stress would allow tensile failure if the rate of fluid flow and local pore pressure increase
exceed the stress buildup.
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Introduction

Seismic reflection images of faults from modern accretionary prisms are commonly
marked by high amplitude reversed-polarity reflections (Shipley et al., 1990)( Bangs and
Westbrook, 1991)( Moore and Shipley, 1993)( Cochrane et al., 1994). The reversed-
polarity reflections indicate a decrease in acoustic impedance (the product of velocity and
density) across the faults. All of these reversed-polarity reflections occur on decollement
zones that thrust highly deformed deposits of the accretionary prisms over undeformed
sediments. Thus, thrusting higher impedance over lower impedance material provides a
simple method to develop a reversed-polarity reflection. Alternatively, dilation of the fault
zone could reduce its velocity and density relative to the wall rocks, create a decrease in
impedance, and generate a reversed-polarity reflection.

Because dilated fault zones have substantially increased permeability, and
channelize fluid flow, it is important to distinguish if the reversed-polarity reflections
indicate dilation or whether they are simply the results of thrusting. If the reversed-
polarity reflections are dilated zones of low effective stress then they could substantially
reduce the fault strength; moreover, they may represent analogs of the fluid compartments
hypothesized along the San Andreas Fault (Byerlee, 1993).

Wave-form models supporting both mechanisms for producing high amplitude
reversed-polarity reflections have been published. A model of lower impedance sediment
underthrusting higher impedance deformed accretionary prism successfully reproduces the
reversed-polarity reflection of the decollement zone off Costa Rica (Shipley et al., 1990).
Along the decollement zone of the Northern Barbados Ridge, Bangs and Westbrook
(1991) best-fit the reversed-polarity reflection with a zone 20 m thick with a 10% velocity
reduction. The reversed-polarity reflection of the Nankai Trough decollement zone was
modeled either as a zone of reduced velocity or as a simple impedance inversion (Moore
and Shipley, 1993).

Here we evaluate high amplitude reversed-polarity reflections from the Oregon
margin from a structural and geometric perspective. We utilize multichannel seismic
reflection data collected in 1989 by Digicon and processed at the University of Hawaii
(MacKay et al, 1992; Cochrane et al., 1993). Overall this survey collected 2000 line-km of

data in a 4700 km? area; our study concentrates on a limited grid in a 70 km?2 area (Fig. 1).

Fault geometry was been defined using seismic depth sections. The depth
conversion utilized the stacking velocities from seismic processing, in combination with
refraction data and were adjusted to maintain a uniform slope to the oceanic crust as it
projects beneath the first ridge (Cochrane et al., 1993). The depth sections have been
examined with seismic interpretation and visualization software from Landmark Graphics
Corporation.

Tectonic Setting of the Oregon Margin

The Oregon-Washington subduction zone is characterized by copious clastic
sediment influx and a young oceanic plate. A topographic trench is absent nearly
everywhere as two large submarine fans dominate the depositional system. Our research is
focused off central Oregon on the southern fringe of the Astoria Fan (Fig. 1). Here, the
oceanic crust is about 9 Ma old, converges at a rate of approximately 4 cm/year along 070°,
and is covered by nearly 4 km of sediment (Kulm et al., 1984) (DeMets et al., 1990).

This area of central Oregon contains distinct domains of landward and seaward verging
structures (Kulm et al., 1973) (Snavely and Miller, 1986) (MacKay et al., 1992). Our
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study concentrates in a province of seaward vergent structures; a transition to landward
vergent thrust faults occurs approximately 20 km to the north of the area we worked.

Fault Geometry of the Frontal Deformation Zone

The central portion of the seaward vergent province (Figs. 1,2) is characterized by
a distinct first ridge formed by a fault-bend fold lying above the frontal thrust. The frontal
thrust elevates the first ridge about 800 m above the adjacent abyssal plain and has a throw
of about 1.5 km. The frontal thrust dips at 20 degrees to about 4 km below sea level and
then steepens to about 40 degrees until it intersects the decollement at about 5.5 km below
sea level (Fig. 3). The geometry of the frontal thrust is consistent for at least the 4 km
along strike transected by lines 4-9 (Fig. 3). Fan deposits dredged from the first ridge
contain radiolarians < 0.3 Ma old (Kulm and Fowler, 1974), providing an upper limit for
the age of the frontal thrust.

Extending about 6 km seaward of the frontal thrust, the proto-thrust zone
encompasses numerous small-scale faults that cut the incoming section. Proto-thrusts dip
uniformly at about 40 degrees (Fig. 3). Individual proto-thrusts cannot be followed north-
south from line to line (Fig. 3); they apparently are limited in lateral extent in addition to
throw. Throw has been determined by mapping a horizon across seismic lines 5-9 and
measuring the vertical offset at each proto-thrust (Fig. 4). The mean throw of the proto-
thrusts is 27 m with extraordinary values to 100 m (Fig. 5).

Nature and Distribution of High Amplitude Reflections from Faults

Reflection polarity was analyzed by displaying our seismic data in color on a
workstation using interpretation software from Landmark Graphics Corporation. We
worked with relative amplitude data that had been corrected only for spherical divergence.
The normal-polarity, water-bottom reflection is a positive-negative-positive composite
wavelet whereas the reversed-polarity reflection is the opposite. Only high amplitude
reversed-polarity reflections were only mapped in this study.

Seismic lines across the frontal thrusts commonly show discontinuous high
amplitude reversed polarity reflections. Two bands of polarity reversals extend from near
the surface to more than halfway down the frontal thrust. Individual reversed-polarity
reflections have a mean down-dip extent of 1 km (Fig. 6). An along strike projection (Fig.
7) shows that these high amplitude reflections correlate well, though the perspective view
(Fig. 8) illustrates changes in down-dip extent along strike.

Polarity reversals on the proto-thrusts are lower amplitude than those on the frontal
thrusts, are shorter in down-dip extent, and do not correlate from line to line. The seismic
lines are separated by about 0.8 km on average and the down-dip extent of the reversals has
a mean value of 0.5 km. Therefore, the extent of the reversal on the proto-thrust fault
surface along strike cannot be more than about 3 times its down-dip extent.

A north-south projection of all reversals on to an east-west line shows that the
reversals don't preferentially occur in any depth interval or series of depth intervals (Fig.
7). Apparently, they are not stratigraphically controlled; for example, a particular unit of
low acoustic impedance is not overthrust by a subjacent interval of higher acoustic
impedance, therefore generating a band of reversed polarity reflections at a uniform depth.
The occurrence of polarity reversals shows no correlation with proto-thrust offset (Fig. 5)
and therefore is unlikely to be a simple result of impedance inversion due to fault
displacement.
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In summary, the distributed occurrence of the polarity reversals on proto-thrusts of
very small vertical displacement and their lack of correlation to fault offset suggests that the
reversals are dilational in origin. Geological arguments cannot be made for dialational
origin of the polarity reversals on the frontal thrust, because they lie along two bands and
are on a fault with substantial throw. However, our results don't exclude dilational origin
for these reflections

Geophysical Arguments for the Origin of the Polarity Reversals

Wave-form modeling of high amplitude reversed-polarity reflections from
decollement or proto-decollement zones have been successful at a number of localities
(Shipley et al., 1990; Bangs and Westbrook, 1991; Moore and Shipley, 1993; Cochrane et
al., 1994). In all of these examples the reflections dip a few degrees and the reflections
can be modeled as horizontal surfaces. Off Oregon, the proto-thrusts and frontal thrust dip
20 to 40 degrees making their waveform modeling problematic.

To investigate the possible origin of the high amplitude reflections from proto-
thrusts, we estimated reflection coefficients of the seafloor and the proto-thrusts (White,
1977). This approach relates the reflection coefficient to the amplitude of the seafloor
reflection and the amplitude of the first seafloor multiple. Using 75 traces from an
unmigrated, near-trace section, we found the mean value of seafloor reflection coefficient
to be 0.202. Making only minimal corrections for spherical divergence and transmission
loss, and ignoring absorption, we calculated the reflection coefficient of the proto-thrusts
to be approximately -0.04 to - 0.06. These minimum values are 20-30% of the seafloor
reflection coefficient.

Offsets of the stratified section along the proto-thrust predict reflection coefficients
an order of magnitude less than those observed in the reflection data. An impedance curve
for the stratigraphic section was calculated from interval velocities (Cochrane et al., 1994)
and densities derived therefrom. The smoothed impedance curve was then offset 27 m or
the mean displacement of the proto-thrust resulting in a small impedance change; The
reflection coefficient predicted by fault displacement is determined by taking the difference
in impedance at a point caused by the displacement divided by the sum of the impedance
above and below the interface. The predicted value is -0.003; even if the offset were
increased to the maximum fault displacement of about 100 m, the impedance contrast
would increase four times and still only be a fifth to a third of the observed values.
Because the amplitude of the reversed-polarity reflections in the proto-thrusts cannot be
generated by simple fault offset, the reflections may be of dilational origin.

Conditions Conducive to the Production of High Fluid Pressures.

Both the geological and geophysical evidence favor production of the reversed-
polarity reflections on proto-thrusts by dilation of the fault zone. Because the sediments
are underconsolidated and weak, the dilation must be due to high fluid pressures and not
simply volumetric expansion caused by the rotation of irregular rigid particles. The
geological setting of the proto-thrust zone is conducive to the development of high fluid
pressures

The velocity data derived from the seismic processing (Cochrane et al., 1994) have
been converted to porosities using relationship from (Hamilton, 1978) (Fig. 9). This
porosity curve decreases systematically from the surface to near the top of the abyssal plain
turbidite unit where it increases down section. This change in the porosity gradient is
indicative of an overpressured sequence (Fertl, 1976).
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High Sedimentation Rates: The incoming sedimentary section is a rapidly-
accumulated turbidite fan sequence in which high fluid pressures would be expected for
depositional reasons alone. The incoming sedimentary sequence is 3.5 km thick over
oceanic crust about 8.75 my old (Kulm et al., 1984). The sedimentation rate for the
abyssal plain turbidite (Fig. 9) is estimated to be modestly higher than the maximum value
measured for the equivalent unit at Site 174 (about 70 km seaward of the margin) (Kulm
and von Huene, 1973). Projection of this rate (250 m/my) upward from the oceanic crust
to the base of the of the turbidite fan deposits suggests the onset of turbidite fan deposition
at about 1.75 ma and a rate of deposition of 1000 m/my. Onset of the fan sedimentation at
this time (early Pleistocene) is consistent with the belief that the fans are Pleistocene
features. This more rapid pulse of fan sedimentation would both load the underlying more
mud-rich turbidites and inhibit the dewatering of the fan sediments themselves. In both
cases high overpressures are likely to result.

Mineral Dehydration and Hydrocarbon Generation: Both clay mineral
dehydration (smectite to illite transition) and the maturation of organic matter produce
fluids and would contribute to the overpressuring of the incoming sedimentary section off
Oregon. Both of these reactions are primarily temperature dependent. The thermal
gradient in Cascadia Basin is about 60 degrees per kilometer as estimated from surface heat
flow measurements (A. Fisher pers. com.), and drilling (Carson, Westbrook, Musgrave,
et al., 1993) (Fig. 9) The thermal gradient may be slightly higher at depth because of the
blanketing effects of the rapid deposition of the turbidite fan. Using 60 degrees/km will
conservatively evaluate the effects of these processes.

The curve of clay mineral dehydration in Figure 9 is derived from kinetic equations
(Pytte and Reynolds 1989) and shows that substantial proportion of the dehydration would
be complete at the depth of the upper part of the abyssal plain turbidite sequence; this is
the depth at which the velocity-porosity data suggest overpressuring and the proto-
decollement occurs. At this depth hydrocarbon maturation would near its peak (Tissot and
Welte, 1984) further contributing to overpressures.

Tectonic Deformation: The conjugate nature of some of the proto-thrusts indicates a
maximum principal stress oriented subhorizontal. This lateral shortening of the
sedimentary section may contribute to overpressuring by lateral consolidation. The
increase in velocity laterally as the sedimentary section is transported into the proto-thrust
zone supports this hypothesis (Cochrane et al., 1994).

Discussion: Depositional, diagenetic, and tectonic aspects of the sediments in the proto-
thrust zone all suggest they are overpressured. The subhorizontal orientation of the
maximum principal stress in the proto-thrust zone suggests that the shear stress is very low
on the proto-decollement and consequently the fluid pressure is very high (Seely, 1977).

Geomechanical-Hydrological Model:

The thick incoming sedimentary sequence provides a viable source of high
pressure fluids to dilate the proto-thrusts and create the reversed polarity reflections. We
envision the following conceptual model for this process (Fig. 10): 1) The fluids are
sourced in an overpressured interval. 2) The fluids migrate up the steep proto-thrusts with a
relatively rapid drop in overburden pressure with respect to head loss. 3) The excess fluid
pressure ultimately drives the fault zone into tensile failure. If the compressional state of
stress induces failure prior to dilation, the decreased differential stress would allow tensile
failure if the rate of fluid flow and local pore pressure increase exceeded the stress buildup.
If this model is correct, then the occurrence of polarity reversals over a wide range of depth
intervals suggests that fluid is not being sourced from a single zone of uniform
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overpressure; rather fluid is probably migrating from a number of overpressured intervals,
both in the abyssal plain turbidite sequence and in the turbidite fan sequence.

This model requires substantial fluid migration up the faults at sub-lithostatic fluid
pressures, prior to reaching the hydrofracture threshold and creation of the reversed-
polarity reflection. The hydrofracture condition could provide ample permeability for fluid
flow; how<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>